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In deeply penetrated spudcans, the lattice legs may interact with surrounding soil during 
spudcan installation, thereby influencing its cavity formation and vertical bearing capacity. 
This research work focuses on the effect of lattice legs on the vertical performance of 
spudcan foundations in both single clay layer and loose sand overlying normally 
consolidated clay. 
Centrifuge model tests were conducted to model transient spudcan penetration affixed 
with different lattice legs.  Both normally consolidated and over-consolidated clays are 
examined. The lattice leg serves to partially restrict the influx of the backflow soil on top 
of the spudcan. Cavity formation is influenced by the presence of the lattice leg as well as 
the soil state of consolidation. The results show that spudcan footings affixed with lattice 
legs exhibit increased vertical penetration resistance and enhanced bearing capacity, 
compared to those without. The effect appears to vary with the opening ratios and area 
ratios of the lattice leg. 
Effective-stress finite element analysis was performed to verify and extend the parametric 
range beyond that of the centrifuge model tests. The effects of lattice leg on foundation 
failure mechanism, cavity formation and vertical bearing capacity were investigated. The 
foundation failure mechanism is influenced by the presence of the lattice leg. Based on the 
finite element analysis and centrifuge model test results, a relation between the inner 
cavity depth and soil strength profile, spudcan diameter, opening ratio and area ratio of 
lattice leg is proposed. The undrained effective-stress finite element analysis shows a good 
XII 
 
prediction of the measured load-penetration response from centrifuge model test; this 
validates its feasibility in modelling the vertical performance of spudcan foundation.  
The long-term bearing behavior of spudcan foundation was investigated by centrifuge 
model tests. The long-term penetration resistance increases rapidly during re-penetration, 
and is much larger than that in short-term.  It is also influenced by the presence and type 
of lattice leg. The finding suggests that it may be possible to estimate the post-
consolidation bearing capacity of spudcan foundation by using the long-term bearing 
capacity factor at 0.1D re-penetration depth, which is approximately 1.5 times the short-
term bearing capacity factor for spudcan with typical lattice leg.  
Arising out of the study on lattice leg, the possibility of using a top-mounted skirt on the 
spudcan to mitigate or eliminate punch-through failure of spudcan foundation in loose 
sand overlying normally consolidated clay was examined using centrifuge model test. 
Top-mounted and downward skirts are both useful separately for reducing punch-through 
depth, although they work via different mechanisms. When the two kinds of skirts are 
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Chapter 1 Introduction 
1.1 Mobile jack-up rig  
1.1.1 Introduction 
In offshore hydrocarbon exploration and short-term drilling, jack-up rigs are commonly 
employed. As shown in Figure 1.1, jacket platform rigs and jack-up rigs are typically used 
in shallow to moderate water depth up to 150m, while the semi-submersibles and drillship 
rigs are used for larger depth up to 2000m. Due to its ability to deploy rapidly, low cost 
and construction flexibility in the relatively shallow water depth, mobile jack-up rigs have 
been used extensively in the offshore oil and gas exploration since 1954. As shown in 
Figure 1.2 and Figure 1.3, about 42% of the offshore rig fleet used today is the jack-up 
rigs. Early jack-up rigs were supported by 8 to 12 individual legs, the three legs supported 
jack-up rig which is typical of most used today first appeared in 1955 on Zapata Off-Shore 
Company’s Scorpion, designed and constructed by R.G. LeTourneau Company 
(Mcclelland et al., 1982; Young et al., 1984). More than 60% of current jack-up rigs are of 
the three-leg design (Young et al., 1984). 
The offshore jack-up rig is a mobile and self-elevating platform, consisting of a hull for 
drilling operation, with retractable legs passing through the hull (Figure 1.4) (Mcclelland 
et al., 1982; Young et al., 1984).  The rig is floated to the site with the legs elevated, and 




then the legs are lowered and jacked into the seabed, thereby raising the hull out of the 
water. 
Mobile jack-up rigs (Young et al., 1984; Dean, 2010) can be classified broadly into two 
kinds, according to the foundation types, as shown in Figure 1.5. The first type is 
supported by legs resting on individual foundations known as spudcans.  The legs are 
typically designed as open truss structures, known hereafter as lattice legs. There are two 
types of elevating devices. The first type of elevating device uses hydraulic cylinders 
equipped with moving and stationary pins to extend and retract the legs. Another elevating 
device uses a rack-and-pinion system through the hull to raise and lower the platform 
(Figure 1.6).  
Another type of the jack-up foundation is the single large mat. Figure 1.5(b) shows a 
typical A-mat, but other mat shapes have also been used. The mat foundations appear to 
have significantly larger bearing area than the spudcan foundations which limits 
penetration into the seabed. The mat height is typically between 2 to 4.5m, and the 
penetration is typically less than 3m (Young et al., 1984). Hence the mat foundation is 
more suitable for soft soil deposits where large foundation bearing area required, and can 
also be used in the sandy sites. However, the mat foundation stability is difficult to 
guarantee due to its shallow penetration if scour occur in the seafloor, it is even worse 
when subjected to severe storm condition. This study will focus on the jack-up spudcan 
foundation.  




1.1.2 Typical installation procedures of jack-up spudcans 
The spudcan mobile jack-up rig is essentially a floating exploration and drilling platform 
typically with three truss legs supported on individual spudcan footings. The jack-up rig is 
first towed to the proposed site by floating on the hull with the legs elevated. Upon 
arriving at the site, leg installation is conducted in three stages as shown in Figure 1.7 and 
Figure 1.8 
1. Penetration while floating 
Upon arriving at the site, the legs are lowered down to the seafloor. After touch-down, the 
legs are jacked in further until the soil resistance is equal to the weight of the submerged 
weights of the rig, corresponding to the point A1 in Figure 1.8. 
2. Penetration as hull is elevated 
As the spudcan is further jacked into the ground, the hull lifts itself out of the water. At 
this stage, the buoyancy force supporting the hull is reduced and the weight of the hull, 
including all the related systems on the hull and variable load, is progressively transferred 
to the spudcan foundation, thereby increasing the spudcan penetration to the point A in 
Figure 1.8. 
3. Penetration under preloading 
Though the rig is temporarily stable after the penetration stage 2, it may still not be able to 
survive in severe storm condition. A preload is often applied to each spudcan. This 
preload represents the highest load which the leg is likely to have to sustain in a design 




storm condition, with an acceptable margin of safety. Up to now, preloading has been 
widely used as the method of proof-testing and stabilizing spudcan foundations.  The 
typical design preload is the vertical load on the leeward leg caused by the 50-year 
extreme wind, wave or current independently. For most spudcans, the preloading is 
accomplished by pumping seawater into the selective holding tanks in the spudcan as 
water ballast to increase the self-weight. After raising the hull of the rig to about 1.5m 
above the water level, the water is pumped into the hull to develop further spudcan 
penetration, after that the hull is jacked up another 1.5m for further penetration. The 
maximum vertical load on each spudcan during installation is typically about twice the 
working load. The full preload is held for several hours after the spudcan penetration has 
ceased (point B in Figure 1.8). Endley et al. (1981) noted that the spudcan penetration in 
soft deposits can reach a depth of 2 to 3 times the spudcan diameter during preloading.  
After preloading, the seawater is dumped out and the hull is jacked up to its operational 
height, which is based on a minimum air gap for storm with a 50-year return period 
(Sname, 2008). This is typically 12-15m. SNAME (2008) also recommends a minimum 
reserve leg length is 1.5m above the upper guides or one jack stroke on hydraulic units to 
account for any settlement or un-predicted leg penetration. 
1.1.3 Spudcan footings and lattice legs 
1.1.3.1 Spudcan footings 
Modern spudcan footing is typically hexagonal or octagonal in plan with a shallow conical 
underside (inclined at typically         to the horizontal) and a sharp protruding spigot 
at the bottom to facilitate penetration into the seabed and improve sliding resistance. In 




geotechnical engineering design and analysis, the plan of spudcan footing is often 
assumed to be circular. Over the years, the spudcan footing has experienced rapid 
evolution involving both sizes and shapes in order to comply with the specific site 
conditions (Young et al., 1984). As shown in Figure 1.9, the equivalent diameter of the 
spudcan footing has increased from 4.8m on the Offshore No.52 to 20.1m on the 
Marathon Gorilla.  
1.1.3.2 Lattice legs 
Early jack-up platforms are rectangular in plan-view and supported by 8 to 12 tubular legs 
or piles. As jack-up operations move into deeper water and more severe environment, the 
platform has evolved to triangular or rectangular configuration supported on three or four 
open-truss legs. Jack-up rig with four legs are stiffer in the elevated mode than the three 
legs rig. However, the additional leg also gives rise to increased lateral loads resulting 
from wind, wave and current, especially when the rig is afloat in the transit mode. 
All jack-up rigs with the lattice leg operating today have a chord arrangement in which 
each lattice leg consists of vertical chords with inclined and horizontal braces (Bennett and 
Offshore Technology, 2005). Generally the chords are designed to provide the axial and 
flexural stiffness and the braces provide the lateral stiffness. Each lattice leg has either 3 
or 4 main vertical chords (Figure 1.10). The benefits and disadvantages of three versus 
four chorded legs are similar to those of the three and four-legged jack-up rigs. A lattice 
leg with four vertical chords can provide larger axial and flexural stiffness, but also induce 
additional lateral load in comparison with the three vertical chord lattice leg. Three typical 




types of braces, X-brace, K-brace and reversed-K brace are usually used in the jack-up rig 
design.  
1.1.4 Mobile jack-up rig failures  
Since the mobile jack-up rigs are designed to be moved from one place to another place, 
foundations for mobile jack-up rigs cannot be designed for a specific site. McClelland and 
Young (1982) reported that mobile jack-up rigs experience the worst accident rate 
amongst mobile units, being about 2.6% annually over the period 1955 to 1980 against 1.7% 
for all mobile drilling units combined. Tirant et al. (1993) also noted that about one 
quarter to one third jack-up rig accidents is due to soils and foundations (Mcclelland et al., 
1982; Betrand and Escoffier, 1989; Sharples et al., 1989). 
The main foundation failure modes of the jack-up spudcan footings can be attributed to 
the following causes:  
(a) Punch-through failure during preloading and operation;  
(b) Spudcan-footprint interaction;  
(c) Foundation instability caused by scour; excessive storm penetration;  
(d) Inability to extract legs and seafloor instability (Mcclelland et al., 1982; Young et 
al., 1984; Dier et al., 2004; Sname, 2008).   
As shown in Figure 1.11, punch-through failure has the highest accident rate amongst the 
various causes. Punch-through failure can occur during installation and preloading, in-situ 
punch-through failure due to extreme storms and other causes have also been recorded. 
The typical punch-through failure mechanism during preloading has been presented in 




Figure 1.14. With the improved knowledge on seabed soil deposits, punch-through 
failures have shown a significant decline in recent years as shown in Figure 1.12. 
Nonetheless, this is still a main concern of jack-up spudcan foundation as a large area of 
the seabed soil deposits are susceptible to punch-through failure as shown in Figure 1.13.  
1.2 Needs for further research 
McClelland (1982) noted that the vertical load of the spudcan footing may be increased by 
35% to 50% of the dead-weight load due to overturning moment caused by wave and wind 
forces. In other words, the vertical bearing capacity of spudcan foundations is potentially a 
critical concern under extreme storm loads.  In deeply penetrated spudcans, the lattice legs 
may interact with surrounding soil during spudcan installation, thereby influencing its 
vertical bearing capacity. This has been ignored in current geotechnical research and 
design guidelines. The prediction of spudcan penetration recommended by SNAME (2008) 
is based on conventional on-shore foundation method with no leg involved; more recently, 
bearing capacity factor is proposed based on the assumption that the space above the 
spudcan footing is occupied with a rigid and smooth-sided shaft with a diameter 
significantly smaller than that of the spudcan. This design guideline largely ignores the 
effects on the spudcan performance arising from the actual lattice leg, whose plan area 
may be about 50% or more compared to the spudcan dimensions and which contains 
openings between the chords and braces. To address this shortcoming, this study will 
examine the influence of lattice legs on the vertical performance of spudcan foundations.  
The effects of lateral loadings on the spudcan performance are not considered in this study. 




An issue that is closely related to penetration is that of punch-through. Although the 
punch-through failure of spudcan foundations has been extensively studied using 
numerical and physical models (Meyerhof, 1974; Hanna and Meyerhof, 1980; Rapoport 
and Alford, 1989; Craig and Chua, 1990; Merifield et al., 1999; Teh et al., 2008; Hossain 
and Randolph, 2009(c); Teh et al., 2010; Hossain and Randolph, 2010(a); Hossain and 
Randolph, 2010(b); Hossain and Randolph, 2010(c)), no practical and effective method 
has been developed to mitigate or prevent punch-through failure. More recently, several 
approaches are proposed to solve the problem (Svanø and Tjelta, 1996; Brennan et al., 
2006; Jostad et al., 2006; Yu et al., 2010b; Hossain et al., 2010(d)); however, the punch-
through failure is mitigated either at the cost of reduced vertical bearing capacity or 
inadequate spudcan fixity.  
1.3 Objectives of the study  
As mentioned above, the influence of the lattice leg on the penetration and bearing 
behaviour of deeply penetrated spudcans has not been well-studied. As will be discussed 
further in the next chapter, in most previous studies, especially in centrifuge model tests, 
the lattice leg was often idealized into a columnar shaft. This ignores the direct interaction 
between the lattice leg and surrounding soil.  
The main objective of this study is the examine the effect of lattice legs in penetration and 
bearing behavior of spudcan foundations, including short-term and long-term loading as 
well as punch-through. In this study, the vertical performance of jack-up spudcans will be 
investigated using centrifuge and numerical models. The influence of the lattice leg on soil 




back-flow and bearing capacity will be investigated. In addition, some measures to 
mitigate the punch-through failure of spudcan foundation will also be investigated. 
1.4 Outline of thesis 
The outline of thesis is as follows: 
Chapter 2 reviews the current research and design guidelines on cavity depth estimation 
created by penetrated spudcan. Research works on the vertical performance of spudcan 
foundation in single soil layer is examined including both experimental tests and 
numerical analysis.  The literature on punch-through failure, including failure mechanism, 
bearing capacity and mitigation measures, is also reviewed.  
Chapter 3 introduces the methodology of the centrifuge model testing performed in this 
study. It includes the principles of geotechnical centrifuge modelling, centrifuge set-up, 
instrumentation used, sample preparation, determination of the undrained penetration rate, 
consideration of boundary effects and experimental procedures.  
Chapter 4 contains the detailed analyses and discussion of the vertical penetration and 
bearing behavior of spudcan foundations in the short-term, based on the results of the 
centrifuge model tests. Parametric studies were conducted to investigate the effects of 
lattice leg with various opening ratios, shapes and sizes on the soil back-flow and vertical 
bearing capacity of spudcan foundations.  Both normally consolidated clays (NC) and 
over-consolidated clays (OC) were investigated.  




Chapter 5 presents the numerical modelling of vertical spudcan penetration in clay 
deposits. The simulations were carried out to verify the centrifuge model tests, in which 
the penetration resistance and bearing capacity factors of spudcan foundation are 
computed and validated against the experimental results. The numerical analyses were 
also carried out to study spudcan penetration response for other conditions and parameters 
not considered in the centrifuge tests.  Hence, in the numerical modelling, the spudcan was 
simulated with different diameters, while the lattice legs were modeled with various 
opening ratios, area ratios and shapes. Moreover, additional soil profiles and deeper 
spudcan penetrations were investigated. The effects of lattice legs on the flow mechanism 
and cavity formations arising from the spudcan penetration process were extensively 
investigated. Based on all the centrifuge model tests and finite element analyses, a 
preliminary design formula predicting the cavity depth inside the lattice leg is proposed, 
which accounts for the effects of soil strengths, spudcan diameters, opening ratios and area 
ratios of the lattice leg.    
Chapter 6 examines the long-term bearing capacity of spudcan foundations using 
centrifuge model tests.  Spudcan footing is preloaded to a prescribed depth and unloaded 
to working load, after which it is allowed to fully consolidate before re-penetration. 
Bearing capacity factors are back calculated using the measured pre-installation soil 
strength. The maximum bearing capacity of spudcan foundation in the long-term is found 
to be mobilized at approximately 0.1D re-penetration, and is approximately 1.5 times of 
the short-term bearing capacity.  




Chapter 7 identifies the effect of top-mounted skirt on mitigating punch-through failure 
of spudcan foundation in sand overlying clay. Novel leg designs are explored including 
top-mounted skirt, downward skirt and combination of the two types of skirt. The sudden 
penetration of spudcan footing is found to be significantly reduced by the presence of the 
top-mounted skirt, with a corresponding increase in the vertical bearing capacity.  
Chapter 8 summarizes the main findings of the thesis, with suggestions for future work.





Figure 1.1 Application of the offshore rig fleet 
 







































(a)                                                           (b) 
Figure 1.5 Mobile offshore jack-ups (a) independent leg jack-up: elevation and plan view 
of the hull and topsides; (b) Mat-supported jack-up: elevation view and plan view of mat 
(after Dean, 2010) 
 
Figure 1.6 Rack and pinion system assisting the leg climb up (after (Bennett and Offshore 
Technology, 2005) ) 






Figure 1.7 Typical installation modes of jack-up spudcan foundations (after Bennett and 
Offshore Technology, 2005) 





Figure 1.8 Idealized installation and preloading of footings in varied soil deposits (after 
Mcclelland et al., 1982) 
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Figure 1.9 Evolution of the spudcan footing configurations (after Young et al., 1984) 
   









Figure 1.11 Case histories classified according to the cause of failure between 1969 and 
2003 (after Dier et al., 2004) 
 
Figure 1.12 Compared recorded geotechnical jack-up accidents between 1979-1988 and 
1996-2005 (after Osborne, 2005) 
 





Notes: green sign means sand overlying clay 
Red sign means cemented sand layers 
Black sign means desiccated or over-consolidated clays 
Yellow sign means pre-load delay/thixotropy 
 
Figure 1.13 Potential sites for punch-through failure (after Osborne, 2005) 
 
Figure 1.14 Punch-through failure during preloading (after Young et al., 1984)
Chapter 2 Literature Review 
2.1 Introduction 
The literature review herein is conducted in two parts. Firstly, studies on spudcan 
penetration in a single soil stratum are reviewed, according to the following topics:  
(1) Current bearing capacity methods for assessing spudcan penetration in clay.  
(2) Current research and design guidelines on estimating cavity depth created by 
deeply-penetrated spudcan. 
(3) Vertical performance including soil flow mechanism and bearing capacity.  
The second part of this chapter examines the punch-through failure of spudcan 
foundation in sand overlying clay. Studies on foundation failure mechanism and 
bearing capacity determination are reviewed.  Current mitigating methods to reduce 
the likelihood of punch-through failure are reviewed.   
2.2 Spudcan foundation in single clay layer 
2.2.1 Bearing Capacity methods 
To predict the penetration of offshore jack-up spudcan foundation in clay deposits, 
some conventional onshore bearing capacity methods (Skempton, 1951; Hansen, 1970; 
Davis and Booker, 1973) have been used. However, as indicated by SNAME (2008), 
these onshore empirical methods take no account of the spudcan geometry, footing 




roughness, embedment depth or soil strength increment with depth. SNAME (2008) 
recommended an alternative bearing capacity factor method (Houlsby and Martin, 
2003) , which considered all those factors mentioned above. However, in Houlsby and 
Martin’s (2003) analysis, the soil was assumed to be weightless and the space above 
the footing was occupied with a rigid and smooth-sided shaft, which then cannot 
model the behavior of soil back flow around the spudcan. 
Hossain and Randolph (2009(a)) proposed a rational design approach for estimating 
spudcan penetration,  the real soil flow behavior by continuous spudcan penetration 
was modeled using large deformation finite element analyses. The computed 
penetration resistance was presented in terms of bearing capacity factor and validated 
against centrifuge model tests. Non-dimensional design charts together with simplified 
formulas were finally proposed for practical application, in which spudcan roughness 
and soil strength variation were included.  
Table 2.1 summarizes some typical bearing capacity factors employed in current 
offshore jack-up spudcan foundation in single clay stratum.  
2.2.2 Soil back-flow and cavity depth estimation 
The soil back flow on top of spudcan footing will reduce the net vertical bearing 
capacity during preloading and operation period. Further penetration may be triggered 
due to soil back-flow after completion of preloading operations (Menzies and Roper, 
2008). The mobilization of lateral resistance are also influenced in terms of 
embedment of lattice leg (Springman and Schofield, 1998). Hence it is important to 
evaluate the soil backflow and cavity formation for spudcan foundation design. 




2.2.2.1 SNAME method 
SNAME (2008) recommends the use of the static hole stability factor developed by 
Meyerhof (1972) to determine if backflow would occur.  Back-flow is assumed not to 




                                                   (2.1)                                                             
Where d is the penetration depth measured from mudline to the depth of the lowest 
point of the maximum cross sectional-area of spudcan footing, uaveS  is the averaged 
undrained shear strength over the depth of the excavation, '  is the submerged unit 
weight, and  N is the stability factor proposed by Meyerhof (1972). Another stability 
factor by Britto and Kusakabe (1983) for normally consolidated clay was also 
recommended by SNAME (2008). However, as indicated by SNAME (2008), it should 
be noted that the recommended hole stability factors may be too optimistic, as the soil 
may flow along the spudcan footing and towards the top of  spudcan with continuous 
footing penetration.   
2.2.2.2 Hossain et al.’s method 
Hossain et al. (2005; 2006) studied the back-flow mechanism and cavity formation 
above spudcan using centrifuge model tests and finite element analyses. Half spudcan 
model tests were conducted with particle image velocimetry (PIV) analysis to identify 
the soil flow mechanism by spudcan penetration as shown in Figure 2.1. The deep 
penetration of spudcan foundation in clay was divided into three stages. At the initial 
penetration, an open cavity was formed with heaving at the soil surface, as the soil 
around the spudcan flows upwards and outwards. As penetration progressed beyond a 
certain depth, the soil adjacent to the spudcan edges started to flow back onto the 




exposed top of the spudcan, while the existing cavity remained stable. During deep 
penetration, the spudcan was fully embedded in the soil and the soil failure mechanism 
was fully localized. During this final phase, the vertical extent of soil deformation 
underneath the spigot decreased from 0.8D to 0.5D, while the lateral extent decreased 
from 1.5D to 1.3D. The soil surface and existing cavity were not involved in the soil 
flow. Hossain et al. also observed that the average stable cavity depth post-test was 
similar to the depth where the soil backflow first initiated. Hossain et al (2005; 2006) 
concluded that the soil backflow was due to soil flow failure triggered by spudcan 
penetration rather than cavity wall collapse, this differs from current SNAME (2008) 
guidelines. In the Current SNAME (2008) guidelines, the soil backflow is assumed  to 
be triggered by cavity wall collapse. 
Hossain et al. (2005; 2006) recommended that the average stable cavity depth H 
(Figure 2.1) could be adopted as the onset depth of backflow above the spudcan.  
Hossain et al. (2005; 2006) proposed a design chart (Figure 2.2) based on the soil flow 
failure mechanism to predict the stable cavity depth; the expression is presented in 
Equation 2.2.  
0.55 1( ) ( )
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Where H is the stable cavity depth above spudcan, uHS is the undrained shear strength 
at cavity depth H, '  is submerged unit weight, D is the spudcan diameter.  
It should be noted that the actual cavity shape is a truncated cone (Figure 2.1) with 
varying cross-sectional area and depth. It should be highlighted that Hossain et al. 
(2006) defined the depth H as that measured at the bottom of the cavity as shown in 




Figure 2.2(b),  and it is uncertain if the shape of the cavity had been taken into account 
in their definition. It was also indicated by Hossain and Randolph (2009(b)) that, by 
taking into account the strain rate and strain softening effect,  the soil backflow would 
be earlier triggered and the proposed limiting cavity depth in Equation 2.2 would be 
smaller.   
2.2.3 Vertical Load-penetration Performance of spudcan foundation 
2.2.3.1 Experimental tests  
A series of centrifuge model tests were conducted by Craig and Chua (1990) to 
examine the vertical penetration of spudcan footings in uniform clay with different 
undrained shear strengths. Their model spudcan shape and dimensions are shown in 
Figure 2.3. A series of uniform clay beds with different soil strengths were covered by 
free water on the soil surface. Before centrifuge model tests, dry spaghetti markers 
were inserted vertically into the clay bed across the central cross section of each model 
to allow soil deformation around the footing to be visualized post-test. When the 
spudcan penetrated to a depth of 0.75 times spudcan diameter, the lateral extent of 
visible deformation was observed to be within 1.5 times the spudcan diameter. A 
shallow bearing capacity formula was proposed considering the overburden pressure 
and shear stress on the side of the spudcan footing, and a surface bearing capacity 
factor of 5.7 was adopted for end bearing capacity estimation. The predicted load-
penetration response agreed well with the measured results in centrifuge tests. 
However, the spudcan penetration was limited to very shallow depth, typically less 
than one spudcan diameter.  
Springman and Schofield (1998) incorporated lattice legs into their jack-up models in 
soft clay using centrifuge model tests. The lattice leg comprised four baffle plates as 




shown in Figure 2.4. The opening area of the leg in elevation was 42% of the 
equivalent solid leg; this ratio being termed “opening ratio” hereafter. The cross-
sectional area of the leg was about 80% of the maximum spudcan footprint area; this 
ratio being termed “area ratio” hereafter. Monotonic lateral loading was applied to the 
jack-up platform to examine the lateral load transfer from spudcan and leg to the 
surrounding clay. It was found that almost all the lateral load was transferred to the 
surrounding soil by the lattice leg. Moment at the spudcan-leg connection was reported 
to be minimal. It should be noted that most prototype jack-up lattice legs have opening 
ratios of between 70% to 85%, this is much larger than the 42% simulated in the model. 
Hence, the lateral load pick-up by the lattice might have been accentuated by the 
relatively low opening ratio. 
Dean et al. (1998) conducted drum centrifuge model tests using three-leg jack-up 
models on over-consolidated kaolin clay. The model jack-up and support frame is 
shown in Figure 2.5(a). The model was subjected to preloading, slow cyclic horizontal 
loading, rapid cyclic horizontal loading and pullout, one 13
0 
conical spudcans (6.5m in 
prototype diameter) and two flat spudcans with different sizes (6.5m and 13m in 
diameter) were modeled as shown in Figure 2.5(b). For the preloading tests, unloading-
reloading excursions were conducted before final vertical preload. The vertical 
preloading-settlement response confirmed that larger plastic settlements were needed 
to achieve significant vertical strength, as the footing penetration modeled here was 
very small, no more than 0.3 times of spudcan diameter. The vertical bearing stress 
needed to achieve a given penetration was observed to be the same for flat spudcan 
footings with different sizes; this indicated an absence of footing size effect.  




Deeply penetrated spudcan foundations in normally consolidated clay and over-
consolidated clay were also studied by Hossain et al. (Hossain et al., 2004(a); Hossain 
et al., 2004(b)) using drum centrifuge model tests. The model spudcan footing has a 
relatively small prototype diameter of 3m. The penetration resistance was presented in 
terms of bearing capacity factors Nc, calculated by dividing ultimate bearing pressure 
by undrained shear strength at spudcan shoulder depth, the soil backflow was not take 
into account.  As can be seen from Figure 2.6 and Figure 2.7, a stable bearing capacity 
factor value of about 10.5 was obtained at a penetration of 0.75 and 1.5 times the 
spudcan diameter for NC clay and OC clay, respectively. 
Hossain et al. (2004(a)) also compared the penetration resistance of a spudcan footing 
and plate penetrometer in normally consolidated clay (Hu et al., 2001), the two 
footings were both polished to achieve relatively smooth surfaces. No significant 
difference was observed between a plate and a spudcan in terms of the bearing 
capacity
 
factor (Figure 2.6), both of which reach their stable value of 10.5 after 
penetration of 0.75 times the diameter.  Hossain et al. (2004(a)) concluded that the 
upper and underside geometry of the footing has little effect on the bearing response 
for foundation at deep penetration in relatively soft clay.   
 To develop a bearing capacity method for assessing load-penetration response of deep 
penetrated spudcan foundation, more centrifuge model tests have been performed by 
Hossain and Randolph (Hossain and Randolph, 2009(a)). Spudcan footings with 
different diameters were tested, ranging from 1.14m to 6m in prototype terms. Uniform 
clay (uniform soil strength) and non-homogenous clay (soil strength increases with soil 
depth) were used. As shown in Figure 2.8, the bearing capacity factor in uniform clay 
was shown to approach a limiting value after the penetration depth exceeds 2 times the 




spudcan diameter, approximately 10-11.3. On the other hand, it increased continuously 
in non-homogeneous clay. Bearing capacity factors obtained from centrifuge model 
tests were found to be smaller than the values from FE analyses.   
Previous studies on the vertical performance of spudcan foundation are generally 
limited to short-term performance. Changes in bearing stiffness and capacity due to 
pore pressure dissipation and set-up effects are still not well-studied. Purwana et al. 
(2005) studied the influence of consolidation on the extraction of spudcans. The 
spudcan footing was preloaded to the prescribed depth; it was then extracted after 
different consolidation durations. The suction force was found to increase with the 
operation period of spudcan foundation. However, the long-term vertical bearing 
capacity was not studied. 
2.2.3.2 Numerical modeling 
Besides centrifuge model tests, small strain and large deformation finite element 
analysis have also been performed to simulate spudcan penetration, in which soil flow 
mechanism and bearing capacity were examined.  
Hu and Randolph (1998) developed a RITSS (remeshing and interpolation technique 
with small strain) approach based on the Arbitrary Lagrangian-Eulerian (ALE) concept 
to solve problems with large strains and deformations in solid mechanics. In this 
method, fully automatic remeshing with stress interpolation was combined with 
conventional infinitesimal strain finite element analysis. Complete remeshing and 
interpolation of stress and material parameters were performed every ~10 to 20 
increments.  




Hossain and Randolph (2009(a)) used the RITSS approach to perform the large 
deformation finite element (LDFE) analyses by simulating continuous spudcan 
penetration. The computed penetration resistance was presented in terms of bearing 
capacity factor and validated against centrifuge model tests. Their results showed that 
spudcan footing roughness had little influence on the penetration resistance in non-
homogeneous clay (soil strength increases with depth), with both giving a similar 
limiting bearing capacity factor of 11.3. On the other hand, for spudcan penetration in 
uniform clay, the spudcan roughness was shown to have significant influence on the 
bearing capacity factor, with a limiting bearing capacity factor of 13.1 computed for 
rough footings in contrast to 12 for smooth footings. This difference was attributed to 
the large amount of soft soil trapped beneath the advancing spudcan, which affected 
the bearing capacity of the spudcan. Based on the numerical results, non-dimensional 
design charts together with simplified formulas were finally proposed by Hossain and 
Randolph (2009(a)) for practical application, in which spudcan roughness and soil 
strength variation were included. As shown in Figure 2.9, an approximate design curve 
was proposed by Hossain and Randolph (2009(a)) for deep spudcan in non-
homogeneous clay. 
Hossain and Randolph (2009(a)) also performed small strain finite element (SSFE) 
analyses, where the spudcan footing was wished-in-place. It was noted that wished-in-
place analyses tended to return a higher bearing capacity than large deformation finite 
element (LDFE) analysis in non-homogeneous clay. This was because in the wished-
in-place analysis, the spudcan footing was assumed to be pre-embedded. Hence, there 
is no soil flow and remoulding of the surrounding soil. In such situations, large 
deformation finite element analysis was considered to be more realistic. However, in 
the uniform clay, the results from SSFE and LDFE analyses were found to agree well 




at deep embedment, the latter showing more gradual increase of bearing capacity 
factor and delayed reach of the limiting value.  
Hossain and Randolph (2009(b)) also incorporated a  simple elastic-perfectly plastic 
Tresca soil model with strain softening and strain rate dependency into the RITSS 
analysis. Parametric studies were conducted to quantify the effects relative to ideal soil, 
in which strain-rate parameter, normalized penetration rate, sensitivity and ductility of 
the soil and the soil strength non-homogeneity were involved. It was found that the 
penetration resistance of spudcan footing in rate-dependent and strain softening soil 
was generally lower than that for ideal soil. It was also noted that in rate dependent and 
strain softening soil, soil back flow was triggered earlier and the limiting cavity depth 
above the spudcan was smaller than in the non-softening soil. 
Small strain finite element (SSFE) analyses were also conducted by Zhang et al. (2011) 
to examine the bearing capacity of deeply penetrated spudcan footings in normally 
consolidated clay. This SSFE analyses were carried out by using the software of 
ABAQUS version 6.7.  Since the spudcan footing was wished-in-place, it arrived at the 
similar conclusion as Hossain and Randoph (2009(a)), with vertical bearing capacity 
factors up to 13 at a penetration depth of 2.5 times the spudcan diameter. This is 
significantly higher than that from large deformation RITSS analysis (Hossain and 
Randolph, 2009(a)), which was about 11.3. 
Using the ABAQUS software, Tho et al. (2012) modelled continuous penetration of 
spudcan footing in uniform and layered soil deposits. The spudcan was modelled as a 
Lagrangian body while the soil domain was modelled as an Eulerian medium. Hence, 
this analysis was termed coupled Eulerian-Lagrangian analysis. Since ABAQUS 




Eulerian analysis can only be used with total stress models, a total-stress Tresca model 
was employed to model the soil behavior. The applicability of the Eulerian finite 
element technique was validated against experimental test results in single soil layer 
and layered soil profiles. The numerical simulations were shown to give reasonable 
predictions on the soil flow mechanism and load-penetration response, in comparison 
with experimental results.  
Yi et al. (2012b) incorporated effective stress capability into ABAQUS’ Eulerian 
analysis to model spudcan penetration in clay deposits. The effective stress model was 
incorporated through the user-defined material subroutine VUMAT. Yi et al.’s (2012b) 
effective stress models included the modified Cam-clay model, Mohr-Coulomb model 
and Drucker-Prager model. Essentially, the total stress-strain matrix was split into 
effective stress-strain matrix and pore water stress-strain matrix. These two matrixes 
were calculated and assembled in VUMAT subroutine. Stress tensors were calculated 
from the strain tensors by multiplying its separate matrixes. The effective stress and 
pore water pressure were then output as programmed by VUMAT. Results show that 
Eulerian formulation was stable for the three effective stress constitutive models. The 
computed load-penetration response (Figure 2.10) and excess pore water pressure 
(Figure 2.11) were shown to be reasonable in comparison with centrifuge model test 
results.  
2.2.4 Current State-of-the-Knowledge on Spudcan Bearing Capacity 
and Penetration Resistance. 
The foregoing discussion shows up the following limitations: 




a) Current codes such as SNAME (2008) give little or no guidelines on how the 
interaction of lattice legs with surrounding and back-flow soil in deeply 
penetrated spudcans should be considered. 
b) There have also been relatively few studies on possible effects of lattice leg on 
jack-up spudcan foundations. Most studies to date model the jack-up leg by a 
cylindrical column instead of a lattice leg. 
c) Much remains uncertain about the long-term vertical bearing capacity of 
spudcan foundation.  
2.2.5 Overview on Current Practice and State-of-the-Knowledge on 
Spudcan Fixity 
Foundation fixity refers to the rotational restraint provided by the soil supporting the 
foundation. The foundation fixity is typically expressed as the ratio of the bending 
moment on spudcan to the angle of rotation (SNAME, 2008). In addition to the vertical 
performance, spudcan foundation fixity under combined loading was also extensively 
investigated by experimental tests (Murff et al., 1991; Dean et al., 1998; Martin and 
Houlsby, 2000; Cassidy et al., 2004)  and numerical modelling (Martin and Houlsby, 
2001; Templeton, 2003; Templeton, 2005; Templeton, 2006; Zhang et al., 2011). Field 
measurements of spudcan fixity under combined loadings were also conducted 
(Templeton et al., 1999; Nelson et al., 2001; Nataraja et al., 2004).  Based on all these 
research works, significant spudcan foundation fixity was found to be present under 
combined loading, even for spudcan footing penetrated into loose sands. The current 
design guidelines contained in SNAME (2002) were found to be excessively 
conservative in estimating spudcan fixity, and significant changes were proposed by 
Templeton (2006) to improve the procedures, which include the rotational stiffness, 
moment capacity, yield interaction, stiffness reduction and horizontal capacity for a 




deeply penetrated spudcan in soft clay. More recently, the influence of soil back-flow 
on the bearing capacity of spudcan foundation under combined loadings in soft clay 
was also investigated. The additional capacity of spudcan foundations due to deep 
embedment in soft clay was verified under combined loading by Zhang et al. (2011).  
However, similarly to studies on the vertical performance of spudcan foundations, 
there are very few studies (e.g. Springman and Schofield, 1998) on spudcan 
performance under combined loading that have considered the possible influence of 
lattice leg interaction with the surrounding soil, especially for a deeply penetrated 
spudcan footing.  
2.3 Spudcan foundation in sand overlying clay 
2.3.1 Reported case histories of punch-through failures 
Punch-through failure of jack-up rigs is regularly reported throughout the world 
especially in the Gulf of Mexico and the Sunda Shelf of Southeast Asia (e.g. Dier et al., 
2004; Osborne, 2005; Randolph et al., 2005). Punch-through failure can occur during 
installation and preloading, in-situ punch-through failure due to extreme storms and 
other causes have also been recorded. For instance, Brennan et al. (2006) reported a 
jack-up rig punch-through failure in the Natuna Sea off Indonesia in 2004. Borehole 
data at this location show a high degree of scatter of soil properties from depth of 11m 
to 16.8m. During placement, the jack-up rig was successfully touched-down in 75.9m 
water depth and preloaded. However, additional penetration from depth of 11m to 
16.8m occurred at the starboard leg after the preload was held for just over 2.3 hours. 
Consequently the hull swayed and yawed to the starboard leg until it stabilized in the 




floating condition. However, the legs had been broken just below the hull and had to 
be removed for repairs.  
2.3.2 Penetration and bearing behavior  
Punch-through failure of spudcan foundations in stiff overlying soil deposits have been 
investigated using centrifuge model tests (Craig and Chua, 1990; Craig and Chua, 
1991; Hossain and Randolph, 2007; Teh et al., 2008; Tjahyono et al., 2008; Teh et al., 
2010; Hossain and Randolph, 2010(a)), numerical models (Mehryar and Hu, 2004; 
Mehryar and Hu, 2005; Kellezi and Kudsk, 2009; Hossain and Randolph, 2010(b); 
Hossain and Randolph, 2010(c)) and analysis (Lee et al., 2009). In these studies, 
foundation failure mechanisms and bearing capacity were extensively investigated. To 
understand the failure mechanism and bearing capacity of spudcan foundations in sand 
overlying normally consolidated clay, centrifuge test results by Teh et al. (Teh et al., 
2008; Teh et al., 2010) are introduced below, which model the same soil components 
as will be discussed in Chapter 7.  
Half-spudcan centrifuge model tests were conducted by Teh et al. (2008) to identify 
the soil failure mechanism for the vertical penetration of spudcan footing in sand 
overlying normally consolidated clay using the PIV technique. The failure mechanism 
was presented at different spudcan penetrations (Figure 2.12), and was related to the 
corresponding changes for the spudcan penetration resistance profile (Figure 2.13).  
The failure mode showed a transition from punching shear failure to a deep penetration 
mechanism. The peak bearing resistance before punch-through of the spudcan 
foundation occurred at a shallow penetration. At this stage, soil movement was 
observed in both layers, and a truncated conical shape sand wedge was formed beneath 




the spudcan. At deep penetration, it was found that the sand plug height was 
approximately equal to the thickness of the upper sand layer.  
The peak bearing resistance was analyzed by Teh et al. (2008) from the observed 
failure mechanism (Figure 2.12) as shown in Figure 2.14. The peak resistance was 
considered to comprise three resistance components. The first is the shear resistance 
along the inclined plane in the sand layer. The second is the clay bearing capacity 
subjected to the pure vertical pressure. The third is the clay bearing capacity subjected 
to combined vertical and horizontal pressure. Teh et al. (2008) suggested that the three 
components coupled with these geometrical parameters could be used to define the 
overall failure mechanism for spudcan foundation at the point of peak resistance. The 
inclination of shear plane in upper sand layer and the apparent projected angle was 
observed to reduce with the increment of the ratio of sand layer thickness to the 
spudcan diameter; this was not in agreement with previous reported findings. 
Teh et al. (2010) also conducted further tests to examine the effect of the ratio of sand 
layer thickness H to the spudcan diameter D and sand relative density. Based on the 
test results, it was found that a larger H/D ratio and relative density tended to yield a 
larger peak bearing resistance for the spudcan foundation, together with a more 
significant post-peak reduction in bearing resistance. Teh et al. (2010) also suggested 
that the development of the load-displacement response is governed by the  H/D ratio  
and the ratio of bearing resistance on upper sand to that of the clay.  
2.3.3 Mitigation methods on spudcan punch-through failure  
Three methods have been suggested to mitigate punch-through effects, namely Swiss 
cheese perforation drilling, skirted spudcan and extendable piled spudcan.  




2.3.3.1 Swiss cheese method 
The Swiss cheese method, also known as perforation drilling (Brennan et al. (2006) 
has been recently employed to mitigate the punch-through risks in stiff over soft soil 
deposits. The principle of this method is to reduce the bearing resistance of the stiff 
soil underneath the spudcan by drilling multiple holes in the stiff layer.  Brennan et al. 
((2006) reported that the Swiss cheese method had been successfully employed to 
reinstall the jack-up rig at the same location where severe punch-through failure of 
jack-up rig had occurred during preloading at the first attempt.  
Hossain et al. (2010(d)) investigated the performance of this method in the laboratory 
using 1g model tests. They studied the effectiveness of drilling holes with different 
methods, spacing, depth and distribution.  The test results showed that the punch-
through failure for spudcan foundation in stiff clay overlying soft clay could be 
mitigated when the upper stiff layer was punctured in a zone just outside the spudcan 
periphery. 
2.3.3.2 Skirted footing 
Hu et al. (1999) investigated the bearing capacity of skirted foundations in both 
normally consolidated and over-consolidated clays, H-adaptive RITSS finite element 
method and centrifuge model tests were used. The skirt length was 0.4 times of the 
circular footing diameter. Relative to the load-penetration response of the skirt 
foundation, in the normally consolidated clay, a rough soil skirt interface model in 
FEM was found to better match the experimental results, while in over-consolidated 
clay, smooth interface seems better. Potential benefits of the skirted spudcan 
foundation in stiff clay and dense sand were investigated by Jostad and Andersen 
(2006) by using a mathematical model with main data based on a three-legged jack-up 




rig of the Gorilla Class. By using a skirt length of 30% of spudcan diameter, the 
spudcan bearing capacity in clay increased by about 60%. However, the corresponding 
increase in sand is merely 16%, assuming drained condition. Furthermore, the load 
factor corresponding to the critical moment in the leg increased by 23% for the dense 
sand and 16% for the stiff clay. However, the above discussion just focused on skirt 
footing in single soil layer, the potential effect of the skirted footing on mitigating 
punch-through in layered soils was not studied. 
Centrifuge model tests and large deformation finite element (LDFE) analyses were 
carried out by Yu et al. (2010b) to investigate the bearing response of spudcan and 
skirted footings (Figure 2.15) in loose sand overlying normally consolidated clay. Yu 
et al. (2010b) reported that, where the sand thickness is less than half of the spudcan 
diameter, no punch-through failure occurred both for spudcan and skirted footings. 
When the sand thickness is greater than half of the spudcan diameter, significant peak 
penetration resistance followed by resistance reduction was observed for spudcan 
foundation, and skirted footings can be used to mitigate the punch-through failure. For 
both spudcan and skirted footings, the peak penetration resistance increased with the 
upper sand layer thickness. Risk of punch-through failure can be reduced even for skirt 
length smaller than half the sand layer thickness. Longer skirt length was able to 
completely prevent punch-through failure, albeit at the cost of reduced bearing 
capacity at top sand layer and increased hydrodynamic drag, leading to transportation 
difficulty during towing in field.   
Yu et al. (2010a) also examined the smooth skirted footings on strong over weak clays 
by performing large deformation finite element analyses. It was found that the 
potential of foundation punch-through failure was significantly reduced by the increase 




of skirt length, however at the cost of reduced peak bearing resistance. When the skirt 
length was the same as the top strong soil layer thickness, the foundation bearing 
capacity was shown to converge to a constant value, which was approximately 10 
times of the lower soil layer strength.  
Compared with the reduced bearing capacity by the presence of longer downward skirt, 
the punch-through depth is likely to be a much more important parameter in mitigating 
punch-through problem. However, longer skirt usually compromise mobility and 
hydrodynamic stability during field transportation and are therefore often considered to 
be impractical. 
2.3.3.3 Extendable piled spudcan 
Thomas (2007) proposed incorporating extendable suction piles into spudcans to 
extend spudcan operation to a wider range of soil conditions, including layered soil 
conditions where risk of punch-through failure exist.  The proposal involves 
extendable smaller and deeper penetrating suction piles locked inside the lattice leg of 
the jack-up rig (Figure 2.16). These piles were designed to be installed independently 
of the platform using suction and/or transferring the weight of the leg and deck onto it 
and reached to the required penetration, hence potential rapid settlement during pile 
installation will not affect the platform integrity. In other words, the possible punch-
through failure for the jack-up rig can be eliminated. However, a high degree of fixity 
is likely to be difficult to achieve. As a result, the platform design will be required to 
be updated to suit the foundation. Also, the design of the lattice legs and spudcans will 
be greatly complicated by the added features and mechanisms.  




2.3.4 Current State-of-the-Art and Problems in Punch-Through 
Mitigation Measures 
The foregoing mitigation measures shows up the following limitations: 
a) For the Swiss cheese method, a relatively deeper spudcan penetration through 
the underlying soft soil will be required since the upper stiff clay is perforated.  
b) For the skirted spudcan method, the mitigating effect is accomplished at the 
cost of reduced foundation bearing capacity. Moreover, longer skirt 
compromise mobility and hydrodynamic stability during field transportation 
and are therefore often considered to be impractical. 
c) An extended suction piled spudcan (Thomas et al., 2007) was recently 
developed allowing deeper pile penetration independently from the platform. 
However, this has a cost of lower degree of fixity and would require more 
considerations for platform design.  
In general, up to now, there is still no effective method that has been developed to 
mitigate the punch-through failure for spudcan foundation penetrating in layered 
soils.  
2.4 Research scopes  
The preceding literature review and summary of the state-of-the-art have highlighted 
several issues related to the design and installation of spudcan in current practice.  This 
study focuses on the following two issues, namely: 
(1) The effect of lattice leg on the penetration and bearing behavior of spudcan 
foundations will be investigated. Lattice legs may provide some resistance to 




back-flow soil caused by spudcan penetration and hence result in deeper cavity 
formation, as compared with spudcan footings without lattice legs. Centrifuge 
and numerical modeling will be used to examine the effects of lattice legs on 
soil flow and bearing behavior. Long-term vertical bearing capacity of spudcan 
foundation with and without lattice legs will also be studied using centrifuge 
model tests. In-situ soil strength measurements obtained in-flight during 
centrifuge testing will be made to ascertain if they can give a reasonable 
estimate of the bearing capacity factors of the spudcan foundation in the long-
term.  
(2) Novel leg designs will be explored to mitigate risk of punch-through failure for 
spudcan foundation in sand overlying normally consolidated clay. Arising out 
of the study on lattice legs, the possibility of using a top-mounted skirt on the 
spudcan to mitigate or eliminate punch-through failure of spudcan foundation 
in sand overlying clay will be investigated using centrifuge model tests. 
Different leg designs will be tested, including downward skirt, top-mounted 
skirts and a combination of these two kinds of skirts.  
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Notes: Nc is the bearing capacity factor of spudcan foundation; D is maximum spudcan 
diameter; d is the spudcan penetration depth from the lowest point of maximum spudcan 
cross sectional area, F is a correction factor correlated with footing roughness and increase 
rate of soil strength below footing bearing area, k is the soil strength increment rate with 
depth, Su is the soil strength at spudcan depth d.  is a roughness term equal to 1 for 
rough footings and 0 for smooth footings,   is the angle of spudcan cone, H is the 
limiting cavity depth.  





(a) Digital images                            (b) Flow vectors 
Figure 2.1 Digital images for spudcan penetration in centrifuge tests and the 
corresponding analysis of the soil flow vectors (after Hossain et al., 2006) 
 
(a) Cavity depth H prediction         (b) Cavity depth H definition  
Figure 2.2  New design chart for cavity depth after spudcan penetration clay  (after 
Hossain et al., 2006) 





Figure 2.3 Section through spudcan (unit: cm) (after Craig and Chua, 1990) 
 
 
Figure 2.4  Design of lattice leg (after Springman and Schofield, 1998) 
Central tube 
Dural baffle plates 








Figure 2.5 Three-leg model jack-up and support frame in drum centrifuge (after Dean et 
al., 1998) 





Figure 2.6 Bearing capacity factors of spudcan foundation in normally consolidated clay 
(after Hossain et al., 2004(a)) 
 
Figure 2.7 Bearing capacity factors of spudcan foundation on uniform clay (after Hossain 
et al., 2004(b)) 








Figure 2.8  Comparison between centrifuge model test results and proposed design 
approach from FE analysis (after Hossain and Randolph, 2009(a)) 





Figure 2.9 Bearing capacity factors of spudcan foundation in non-homogeneous clay (after 
Hossain and Randolph, 2009(a)) 
 
 
Figure 2.10 Load-penetration response of spudcan foundation (after Yi et al., 2012b) 



















 Figure 2.12 Spudcan failure mechanism at different penetration depths in sand overlying 
clay for test T2 (ratio of sand layer thickness to the spudcan diameter is 0.83): (a) phase A, 
full spigot penetration); (b) phase B, peak resistance); (c) phase C, reduced load); (d) 
phase D, second smaller peak); (e) phase E, penetrating clay layer); (f) phase E, final 










Figure 2.13 Half spudcan bearing resistance profile for test T2 (after Teh et al., 2008) 
 
Figure 2.14 Definition of geometrical parameters of observed failure mechanism in 
centrifuge (after Teh et al., 2008) 




   
Figure 2.15 Model spudcan and skirt footings (after Yu et al., 2010b) 
 
  
Figure 2.16 Retractable/extendable pile concept (after Thomas et al., 2007) 
 
 
Chapter 3 Centrifuge model setup and procedures 
3.1 NUS Geotechnical Centrifuge 
The NUS centrifuge is based on the conventional dual swing platform design, and each 
platform has a working area of 750 700mm mm  and clear headroom of about 
1300mm. Its payload capacity is 40g-tonnes. The centrifuge driving torque is supplied 
by a hydraulic drive system. 90 silver-graphite slip rings are used for signal 
transmission between centrifuge and control room, and 10 copper-graphite slip rings 
for power transmission purposes. More details concerning the NUS geotechnical 
centrifuge can be found  in Lee et al. (1991) and Lee (1992). 
All the centrifuge model tests presented in this report are carried out at 100g using the 
NUS Geotechnical Centrifuge (Figure 3.1). The basic centrifuge scaling laws can be 
derived from dimensional analysis or from a consideration of the governing differential 
equations, which are well documented by Schofield and Taylor (Schofield, 1980; 
Schofield et al., 1988; Taylor, 1995). The basic scaling laws are summarized in Table 
3.1.  
3.2 Experimental Setup 
3.2.1 Model container 
Figure 3.2 to Figure 3.4 show the centrifuge model set-up used in this study. The 
model container for the model test is a stainless steel cylindrical tub with 600mm 




internal diameter and 400mm height. Two drainage valves were installed at the base of 
the container to facilitate the drainage during consolidation under 1g preloading and 
self-weight consolidation. 
3.2.2 Model loading frame setup 
The schematics of the loading frame are shown in Figure 3.3 and Figure 3.4. The 
loading frame is made of stainless steel with channel sections and has a rectangular 
plan area of 700mm ×200mm and a height of 315mm. The vertical loading actuator for 
the spudcan, denoted as A1, is centrally underslung below the top-beam of the loading 
frame. The heart of the actuator is a hydraulic cylinder with a piston of 50mm and a 
rod of 25mm, and a maximum stroke of 300mm. At the maximum hydraulic pressure 
of about 65bar, a maximum compressive load of         and tensile load of        
can be delivered by actuator A1. The discrepancy between compressive and tensile 
load capacity is due to the smaller effective area for tension as the shaft area is 
excluded during tensile loading.   
A linear variable differential transformer (LVDT), with 300mm stroke, was mounted 
on the loading frame beside the vertical loading actuator A1 to measure the vertical 
penetration of the spudcan footing. A guide bar was installed to ensure vertical 
penetration of spudcan and and prevent rotations. 
A closed-loop servo-control hydraulic loading system was used to actuate the spudcan 
model and T-bar penetrometer, with a choice of either displacement or load control 
mode. Initially, the command signal in the form of analogue time history was sent out 
from the computer into the servo amplifier, the latter then generated corresponding 
signals to check with the feedback signals, any discrepancy between the two signals 




will be sent to the servo-valve to correct the displacement or load of the actuator. 
During this movement, the displacement (or load) measured by LVDT (or load cell) is 
denoted as  the feedback signal and is continuously fed back into the servo amplifier to 
form a closed-loop circuit. The discrepancy between the command and feedback 
signals is controlled by the servo amplifier to apply corrections to the servo valve so 
that it is within the prescribed margin of error. The system accuracy could be validated 
by the measured LVDT value or Load cell value.  
Apart from the loading actuator, two additional brackets were also provided at the 
front and back of the loading frame to facilitate T-bar tests. Both brackets are located 
at position A2, 150mm (centre-centre) away from A1. A smaller hydraulic cylinder 
with a piston of 30mm and a stroke of 300mm is used to jack the T-bar penetrometer 
into the soil. This actuator can deliver a maximum compressive load of 4.59kN and 
tensile load of 3.29kN. An LVDT with 300mm stroke was also mounted adjacent to 
actuator A2 to measure the T-bar penetration. A guide bar is also used to ensure 
vertical penetration of the T-bar. Moreover, a camera was mounted on the loading 
frame to monitor the soil surface deformation induced by spudcan installation. 
3.2.3 Model spudcan 
The geometry and detailed dimension of the model spudcan employed in this study are 
presented in Figure 3.5. As can be seen, the model spudcan is circular in shape with a 
diameter of 120mm. Under 100g model gravity, this represents a prototype diameter of 





 respectively, with a 9mm-high, 80
0
 protruding spigot at the centre of the 
spudcan to improve sliding resistance. The model spudcan is made with aluminum 
alloy, 215cm
3
 in volume and 494g in weight. Two holes are fabricated for installing 




pore water pressure transducers (PPTs) at the bottom of the model spudcan, their 
positions being indicated in Figure 3.5 (a). 
3.2.4 Model lattice leg 
The model lattice leg consists of a cylindrical central shaft and lattice trusses and 
sleeves with different opening ratios, shapes and size as shown in Figure 3.6. Each 
lattice leg consisted of four sections, each section being connected to the central shaft 
via brackets as shown in Figure 3.7(a). The central shaft is used to facilitate the 
installation and extraction of spudcan footing. On the other hand, force induced by the 
interaction between each lattice leg section and surrounding soil will be transferred to 
the shaft and measured by the strain gages mounted on the shaft. With this 
arrangement, the lattice leg is expected to experience much smaller force than the 
central shaft. Two design parameters of the lattice leg are investigated in this study, 
opening ratio e and area ratio Aa. The opening ratio is the ratio of the area of the 
openings in the lattice truss over the total area of the sides of the lattice leg. The area 
ratio refers to the ratio of the cross sectional area of lattice leg over the maximum 
spudcan footprint as shown in Figure 3.7(b).  The cross sectional dimensions of the 
model lattice legs used in the centrifuge tests are summarized in Table 3.3. 
The central hollow shaft is made of aluminum alloy, with an outer diameter of 16mm 
and 1.6mm in thickness and 250mm in length. This shaft is not present in real jack-up 
rigs, but is used herein to transfer load from the spudcan footing to the actuator.  The 
main material properties and design parameters of the shaft are summarized in Table 
3.2; some typical leg designs in the field are also summarized as a reference.  
Considering the complexity of leg fixity in field, for a conservative central shaft design, 
a minimum buckling force with a magnitude of 70MN is reached regardless of shaft 




connection. This design is based on an estimation of the potential penetration 
resistance for the current spudcan footing, which is 12m in diameter and penetrated to 
approximately 15m soil depth in NC and OC clays. The deduced potential resistance is 
less than 70MN.  
3.2.5 Instrumentations used in centrifuge model tests 
3.2.5.1 Pore pressure transducers (PPT) 
Excess pore pressures and degree of consolidation of the soil sample are monitored 
with miniature pore pressure transducers (PPTs) installed in the soil samples. Figure 
3.8 shows the locations of the PPTs in the soil sample. In this Figure, x denotes the 
lateral distance from the PPTs to the center of the spudcan, and y denotes their 
embedment depth. Another two PPTs, namely PPT6 and PPT7, were also installed at 
the spudcan’s bottom surface to monitor pore water pressure response during footing 
penetration and operation.  
3.2.5.2 Strain gages installed on the central shaft 
Five levels (Channel 01 to Channel 05) of strain gauges were installed on the central 
shaft between each leg section to measure the forces acting on each leg section, during 
jack-in. As the force levels are expected to be relatively low, semi-conductor strain 
gauges are employed for increased sensitivity and accuracy. Full bridge strain gauge 
circuits are employed for each level to minimize potential thermal effects. The detailed 
positions of the strain gauges on the shaft have been shown in Figure 3.7. 
The strain gauges were calibrated by applying known load levels using a compression 
frame fitted with a proving ring, and measuring their outputs using a strainmeter, as 




shown in Figure 3.9(a). An almost linear relationship was obtained between loads and 
micro-strains through several loading and unloading cycles.  
3.2.5.3 Load cell 
A load cell with a full-scale output of approximately 9kN was mounted above the 
spudcan central shaft to measure the ultimate vertical load on the spudcan.  The load 
cell is calibrated with the same method as the strain gauges as shown in Figure 3.9(b). 
3.2.6 T-bar penetrometer 
3.2.6.1 Approaches for soil strength measurement in laboratory 
Several site investigation tools have been used in centrifuge during flight,  or just after 
the centrifuge spins down to measure soil undrained shear strength, such as the cone 
penetrometer, T-bar and the vane shear apparatus (Stewart and Randolph, 1991a; 
Watson et al., 2000; Chung et al., 2006; Li et al., 2012). The cone penetration test can 
allow a continuous profile of soil strength. However, the measured penetration force is 
quite small in soft soil due to the small projected area of the cone tip, which may give 
rise to inaccurate penetration force. The vane shear test can be used in soft soil 
condition. However, it is likely to miss rapid variations in shear strength with depth 
due to the limited number of vane shear tests that can be conducted. 
The T-bar penetrometer was developed by Stewart and Randolph (1991b) for 
centrifuge model tests. This penetrometer combines the advantages of cone 
penetrometer (gives a continuous profile of soil strength) and vane shear apparatus 
(can be used in relatively soft soil). A series of laboratory tests including 1g and high g 
were conducted by Stewart and Randolph (1991b) using the three devices mentioned 
above. It was found that the undrained shear strength measured with the T-bar shows 




good correlation with vane and cone results and predictions from triaxial test data 
(Figure 3.10). Larger T-bar penetrometer with diameter of 50mm has also been used in 
in-situ soft clay testing (e.g. Stewart and Randolph, 1994; Randolph and Andersen, 
2006). In this study, the T-bar penetrometer is used to measure the continuous soil 
strength profiles in centrifuge model tests.  
3.2.6.2 Previous studies on the bearing capacity factor of T-bar penetrometer 
Stewart and Randolph (1991b) proposed that the T-bar test may be interpreted using 
the plasticity solution for the limiting pressure acting on a cylinder (a circular pile), 
which is loaded laterally in cohesive soil (Randolph and Houlsby, 1984). The plasticity 
solution using lower bound and upper bound approaches gives a simple calculation of 
the limiting force acting on the infinitely long cylinder, which can be expressed by 






                                                     (3.1) 
Where P is the force per unit length acting on the cylinder, D is the diameter of the 
cylinder, Su is the undrained shear strength of the soil, and Nb is the T-bar bearing 
capacity factor depending on the cylinder roughness. 
The analytical value of bN is dependent on the surface roughness of the cylinder, 
described by its adhesion factor  (Randolph and Houlsby, 1984). The upper and 
lower bounds of the plasticity solution coincide at 11.94 for a fully rough bar and 
diverge slightly at lower values of  , the lower and upper bounds being 9.14 and 9.97, 
respectively. However, it is unlikely   can approach either limit, though the cylinder 




bar is sand blasted. Randolph and Houlsby (1984) suggested an  intermediate value of 
10.5 for general use. 
However, some facts of soil behaviors including anisotropic, rate dependency of shear 
strength and strain softening were not accounted for by Randolph and Houlsby’s (1984) 
solutions. Randolph and Andersen (2006) conducted a numerical analysis to 
investigate the effects of all these soil behaviors on T-bar factor determination.  The 
studies showed that the T-bar factor was relatively insensitive to the degree of strength 
anisotropy, and the high strain rates may increase the factor. This effect may be 
partially compensated by softening due to remolding of the soil. The typical T-bar 
factor from the numerical studies was found to range from 11 to 13 (Randolph and 
Andersen, 2006). In addition, cyclic T-bar test (multiple penetrations and extractions) 
was also modelled to measure the remoulded soil strength by Randolph and Andersen 
(2006). It was proposed that a T-bar factor in the region of 13 (range of 10.5-15) may 
be appropriate for estimating a remoulded shear strength for practical applications, this 
is because the remoulded shear strength using cyclic T-bar will still be subjected to 
high strain rates, but with no further effects of strain softening.  
3.2.6.3 Calibration of T-bar penetrometer  
The T-bar penetrometer used in this study is shown in Figure 3.11. It comprises a 5mm 
diameter cross-bar, 25mm long, attached to the end of a shaft. During measurement, 
the bar is penetrated into the soil and the penetration resistance is measured by a highly 
sensitive load cell situated immediately behind the bar. The cylindrical surface of the 
T-bar is sand-blasted to create a rough surface, while the ends of the bar are machined 
smooth to reduce friction. 




Before the centrifuge test, the load cell mounted on the T-bar shaft was calibrated in 1g 
condition. Force was applied using dead weights and the strainmeter was used to 
record the corresponding micro-strain caused by the load added. A linear relationship 
between force and strain was obtained for soil strength derivation.  
To give an accurate assessment of the penetration resistance, the T-bar factor was 
calibrated by conducting vane shear tests at 1g condition. Calibration tests were 
conducted at two different loadings at 10.4kN and 19.92kN, which simulates two 
depths of the soil deposits. T-bar penetration tests and the vane shear tests (following 
the BS code: 1377) were both conducted in the same sample as shown in Figure 3.12. 
The sample was loaded by a stainless steel loading plate with many port holes as 
testing points. These port holes were usually covered and bolted up when preloading. 
When the location of the port hole was to be used for testing, the port hole was opened, 
but the loading plate remained loaded. This keeps the soil in a compressed state and 
prevents swelling and softening arising from loss of effective overburden stress.   
The vane shear tests were all conducted following the rates and specifications in 
BS1377: 1990. A motorized shear rate - 12 degrees of rotation per minute was used; 
this being the maximum rate that could be achieved for the current NUS vane 
apparatus. As noted by Lee (1985), the vane shear and its miniature counterpart are 
commonly used for testing strength of marine soils. As noted by Lee (1985), the 
commonly used rate of rotation lies between 6° and 60° per minute. Sharifounnasab 
and Ullrich (1985) noted that for kaolin clay, shear rates of at least 30 degrees per 
minute is required to ensure undrained condition. However, kaolin clays from different 
locations do not have the same properties. Hence Sharifounnasab and Ullrich’s (1985) 
results may not apply specifically to the clay used herein. However, one may note that 




both rates fall within the range of 6° and 60° per minute. In this study, a maximum 
motorized vane shearing rate -12 degrees of rotation per minute was used. If partial 
drainage does indeed occur; its effect would have been to give an even higher T-bar 
factor, which seems unreasonable. 
The calibration results are shown in Figure 3.13, which shows good match with T-bar 
factors of 11.7, 11.95 and 11.8 at different preloadings and locations. An average T-bar 
factor of 11.8 was deduced. This value is slightly lower than the fully rough value of 
11.94 given by Randolph and Houlsby (1984). The value of 11.8 was used as the T-bar 
factor herein. 
However, it should be noted that this value may be slightly lower due to the calibration 
method. In this study, a maximum motorized vane shearing rate -12 degrees of rotation 
per minute was used; this shearing rate may allow partially drainage and hence lead to 
higher soil strength measurement. To match the lower soil strength obtained from the 
vane shear test, an even higher T-bar factor will be required.  
3.3 Sample Preparations  
3.3.1 Clay sample 
The properties of the Malaysian kaolin clay used in the centrifuge model tests are 
shown in Table 3.4. Moreover, the sensitivity (intact soil strength divided by 
remoulded soil strength) of the Malaysian kaolin clay was also measured by 
performing vane shear test. Figure 3.14 presents the measured sensitivity 
approximately 1.5-2.2 for normally consolidated clay, and 4-7 for highly-over 
consolidated clay (1g preloading 600kPa). In comparison with the sensitivity of the 




normally consolidated clay, increased sensitivity is occurred to the over-consolidated 
clay due to its higher OCR, but accompanied with increased soil strength.  
The dry clay powder was mixed with water in the vacuum mixer to a water content of 
1.5 times the liquid limit for about 4 hours; the long duration being used to ensure 
thorough mixing. Before pouring the slurry into the container, a 30mm thick sand layer 
was placed on the bottom of the container to act as drainage layer to facilitate 
consolidation. A layer of geotextile was placed on top of the sand to act as a filter and 
prevent clay clogging of the sand layer. A layer of grease was also coated onto the 
internal surface of wall of the container to reduce the friction between the soil and the 
container wall during consolidation. A small amount of slurry was then poured on top 
of the geotextile, so that the latter is just completely covered.  After that, water was 
poured into the container to a depth of about 20cm. This is to facilitate slurry 
placement underwater to minimize the possibility of trapping air pockets in the slurry. 
When the level of the slurry reached the prescribed levels, de-aired PPTs were 
installed in the soil. Small blocks of polystyrene foam were tied to each PPT to prevent 
them from settling to the bottom of the slurry. 
After placement, the soil layer was preloaded under 1g conditions with dead weights or 
hydraulic pressure depending on soil strength required. The final 1g preloading 
pressures used were 5.5kPa and 150kPa for normally consolidated (NC) clay and 
heavily over-consolidated (OC) clay, respectively. After 7 days of the final preloading 
at 1g condition, the soil sample was placed on the centrifuge, and consolidated under 
self-weight at 100g. The drainage valve was always kept open to facilitate two-way 
drainage during the 1g and 100g consolidation. For NC clay, the soil sample was first 
consolidated under self-weight for about 6 hours to allow sufficient headroom to install 




the T-bar penetrometer. After that, the soil sample was reconsolidated at self-weight 
for at least another 8 hours before testing. For OC clay, as the soil sample has already 
experienced relatively large settlement at 1g consolidation, the T-bar penetrometer 
could be installed directly before self-weight consolidation.  The OC clay sample was 
then consolidated under self-weight at 100g for about 12 hours before testing. At least 
90% degree of consolidation (Figure 3.14 and 3.15) was achieved before test. The 
degree of consolidation is determined from the measured dissipation of excess pore 
pressure using the Hyperbolic method (Tan et al., 1991). The final thickness of the soil 
bed after consolidation was about 270mm. 
3.3.2 Sand over clay 
For the soil model consisting of sand overlying clay, the preparation of the clay bed 
was the same as discussed in section 3.3.1. After the underlying clay was fully 
consolidated at 100g condition, sand was air-pluviated on top of it. The properties of 
the river sand used are shown in Table 3.5 and Figure 3.17. 
As shown in Figure 3.18(a), a sand hopper was fixed on top of the clay sample with 
uniformly distributed holes, each with diameter of 2mm.  A drop height of 350mm was 
maintained during pluviation. A prescribed sand thickness of 80mm was finally 
attained with a relative sand density of about 31%. A perspex plate equipped with a 
valve was then tightened on top of the container surface to allow a vacuum to be 
applied inside the container (Figure 3.18(b)). De-aired water was then allowed to seep 
into the sand through an inlet valve installed at the level of sand-clay interface. The 
sand was then vacuum-saturated with de-aired water until the sand surface is covered 
with water.  After sand saturation, the prepared sample was moved into the centrifuge 




for further consolidation under 100g model gravity. The final consolidated soil sample 
consisted of 80mm sand overlying approximately 200mm normally consolidated clay. 
3.4 Penetration rate 
The installation of the spudcan footing in soft clay in the field is expected to take place 
under undrained conditions in the field. For this reason, an undrained condition will 
also be modeled in centrifuge tests.  
It is well known that the penetration resistance will increase with the increased 
penetration rate due to viscous effects provided the conditions around the advancing 
penetrometer are undrained. Lunne et al. (1997) indicated that the cone tip resistance in 
typical clays increases by between 7.5% and 20% for each logarithmic cycle increase 
in penetration rate above the standard rate of 20 mm/s. Effects of strain rate on 
spudcan resistance in centrifuge was investigated by Barbosa-Cruz (2007). It was 
found that the viscous effect in the undrained region resulted in an increase in the 
undrained response greater than 20% per logarithmic cycle. The phenomenon of 
viscous effect is also well documented by Chung and Randolph (2006) and Lehane et 
al. (2009).  
The penetration resistance also increases as penetration rate decreases and partial 
consolidation occurs, leading to a pick-up of the soil strength ahead of the penetration 
tip (Chung et al., 2006).  Craig (1985) showed that there is a reasonable penetration 
rate at which the penetration resistance is minimum. However, it is understood that it is 
difficult to choose a suitable penetration rate in centrifuge test at elected g to 
simultaneously preserve undrained conditions and actual strain rate, as a conflict in 
scaling laws exists for the penetration rate between model and prototype. A ratio of 1: 




N applies to penetration rate if the time is taken as consolidation problem, whereas 1:1 
will be produced by the preserving strain rate. 
Finnie et al. (1994) proposed a dimensional analysis method to achieve undrained 
conditions. Dimensional analysis shows that the drainage conditions during continuous 
penetration are dependent on the penetration velocity, v , the diameter of the object, 
D , and the coefficient of consolidation of the penetration media, vc . All these factors 
can be combined into one factor, V, the normalized velocity, defined by the following 
equation: 





                                                              (3.2) 
Chung and Randolph (2006) carried out a series of centrifuge tests to investigate the 
influence of penetration rate on the penetration resistance in soft clay,  various shaped 
penetrometers and T-bars with different aspect ratios were studied. Similar resistance 
profiles for the T-bar and ball were obtained due to the similar projected areas of the 
two penetrometers. Based on this reasoning, Chung and Randolph (2006) indicated 
that it was more appropriate to plot the normalized resistance against modified 
normalized velocity 'V , which is based on the equivalent diameter eD   of a circle with 
area equivalent to the projected area of the penetrometer. It was further demonstrated 
that curves of normalized resistance for the ball and T-bar with various projected areas 
against 'V  coincide well with each other. This implied that the consolidation rate is 
dependent on the projected area of the penetrometer, rather than its physical diameter. 
Hence, a modified normalized velocity will be used to determine the consolidation rate. 
'V  is defined by the relation: 









                                                     (3.3) 
Correlations between penetration resistance and modified normalized velocity 'V  have 
been extensively investigated (e.g.Finnie and Randolph, 1994; Waston and Suemasa, 
2000; House et al., 2001; Randolph and Hope, 2004; Chung et al., 2006; Barbosa-Cruz, 
2007; Yi et al., 2012a) for different soil deposits and penetrometers. Figure 3.19 
summarizes all the obtained backbone curves of penetration resistance versus non-
dimensional velocity. As can be seen from Figure 3.19, the transition from drained to 
partially drained occurs at a non-dimensional velocity of about 0.01, while the 
undrained limit is reached at a non-dimensional velocity of about 30.  
Based on the above discussion, a non-dimensional velocity larger than 30 is supposed 
to be able to maintain the undrained response of spudcan and T-bar. The penetration 
rate is calculated as follows in Equation 3.4 and 3.5. The equivalent diameters for 
spudcan and T-bar are 120mm and 12.62mm, respectively, and the coefficient of 
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                                         (3.5) 
In the centrifuge model test actual T-bar and spudcan penetration rates of 0.62mm/s 
and 3.2mm/s were used. Note that the penetration rate of the spudcan footing and the 
T-bar penetrometer were just high enough to maintain the undrained condition, higher 
penetration rates were not used as this may have resulted in the penetration resistance 
being coloured by excessive viscous effects. It is also noted that this penetration rate is 




the same in the model and prototype scale. During penetration, undrained condition is 
ensured without consolidation, dynamic time scale factor 1/N is used to derive the 
velocity, and hence the velocity in model to prototype scale is 1:1.  
3.5 Consideration of the boundary effect 
As observed by Hossain et al. (2005; 2006), the vertical extent of soil distortion below 
the spudcan decreased from 0.8D to 0.5D with spudcan penetration from 0.16D to 
0.77D; D being maximum spudcan diameter at its largest cross-section. With further 
spudcan penetration, the region of the downward moving soil beneath the spudcan 
footing remained unchanged.  The lateral extent of the soil movement decreased from 
1.5D to 1.3D with deep spudcan penetration. It was also observed by Purwana (2007) 
in centrifuge model tests that the major displacement beneath the spudcan base 
extended to approximately 0.8D beneath the spudcan bottom while the lateral 
distortion at soil surface extends to about 1.6D from the spudcan edge. 
In this study, the clearance from the spudcan’s largest cross section to the base of 
container is kept > 1D, and a container with 5D diameter (three times of the observed 
affected lateral extent) is used to assess  the performance of the spudcan footing. This 
gives a lateral clearance of 2D, which is expected to be sufficient to accommodate soil 
deformation from the spudcan and lattice leg.  
3.6 Experimental procedures 
The typical centrifuge test procedures are as follows: after self-weight consolidation, 
the soil strength was measured by T-bar penetrometer at one to two locations before 
spudcan penetration. Installation of the spudcan footing was then carried out in-flight 
using displacement control mode until the spudcan reached the prescribed depth of 




approximately 150mm (in model scale), which typically take about 4 minutes in model 
time. The displacement rate was about 0.62mm/s in model scale.  
To examine the long-term bearing behavior, the preloaded spudcan at the prescribed 
depth was unloaded to 75% of the installation load to simulate preload removal. The 
remaining load is then maintained to simulate the operational loading. During this 
stage, spudcan footing is in load control. After approximately 1.5 hours model time 
(prototype equivalent 1.7 years), excess pore pressure was observed to have fully 
dissipated. The spudcan footing was then re-penetrated under displacement control to 
measure long-term penetration resistance.  
During the test, Load cell, PPT and LVDT signals were low-pass filtered by the NEC 
amplifiers set at 10Hz cut off frequency. After analogue filtering and amplification, the 
signals were digitized. T-bar and strain gauges signals were digitized on-board using 
strainmeter. 




Table 3.1 Geotechnical centrifuge scaling laws (after Schofield, 1980; Schofield et al., 
1988; Taylor, 1995) 
Parameter Prototype Centrifuge model at Ng 









Acceleration 1 N 
Velocity 1 1 
Displacement 1 1/N 
Strain 1 1 








Time(creep) 1 1 






















Table 3.2 Main lattice leg parameters in realistic site and  model leg (after Global 
Maritime, 2003) 
Material Properties of model leg 
Mod V at 
97m water 
depth 
116-C at 65m 
water depth 
Model leg (in 
prototype) 
Leg length L (m) 151.3 104.6 25 
Leg equivalent axial area  A   (m
2
) 0.446 0.346 0.724 
Leg equivalent inertia I   (m
4
) 10.56 5.898 0.1899 
Young’s modulus E (GPa) 209* 209* 70** 
Axial stiffness EA    (MN) 93214 72314 50680 
Bending stiffness EI    (N m
2
)                                   
Minimum buckling force    (MN)    
    
     
 
238 278 70 
note: *  E is considered as 209GPa for steel in site by ABS (2004) 
         **E is 70GPa for aluminum alloy based on ASME (1995) 
 
Table 3.3 Cross section dimensions of model lattice leg used in centrifuge tests 
Area ratio of 
lattice leg 
Square shape  
Side length (mm) 
Circular shape  
Leg diameter (mm) 
0.6 83 93.6 
1 / 120 
 
Table 3.4 Properties of Malaysia kaolin clay (after Goh, 2003) 
Properties  Values 
Liquid limit (LL):  %  79.8 
Plastic limit (Sharples et al.):  %  35.1 
Specific gravity (Gs)  2.60 
Bulk unit weight (
bulk ): kN/m
3
  16.39 
Coefficient of permeability (at 100 kPa ) (k):  m/s           
Coefficient of consolidation  (at 100 kPa ) ( vc  ):  m
2
/year  40 
Angle  of internal friction ( ' ): degrees  23 
Modified cam clay model parameters:   
M   0.9 
   0.244 
   0.053 
 




Table 3.5 Properties of River sand 
Properties Values 
Specific gravity sG    2.62 
Particle size d50 (mm) 0.34 
Particle size d10 (mm) 0.21 
Maximum dry density maxd    (g/cm3) 1.762 
Minimum dry density mind   (g/cm3) 1.598 
Maximum void ratio maxe   0.64 
Minimum void ratio mine   0.49 
Dry density d   (g/cm3) 1.645 
Relative density dI   (%) 31 
Effective unit weight '   (kN/m3) 10.2 





Figure 3.1 NUS geotechnical centrifuge 
 
Front view 










Figure 3.3 Plan view of loading frame (all dimensions in mm) 
 
















(a) Plan view                                    (b) Elevation view 
 
(c)  Photos 









                   e=1                                         e=0 (Aa=60% square leg) 
 
 e=0.75 (Aa=60%, square leg)              e=0.25 (Aa=60%, square leg) 
 
e=0 (Aa=60%, circular leg r=4.7m)      e=0 (Aa=100%, circular leg r=6m) 
Figure 3.6  Configurations of model legs 





(a) Photos of lattice leg arrangement with strain gages instrumented on the central 
shaft 
                                      
(b) Schematics of lattice leg design including opening ratio and area ratio definitions 
Figure 3.7 Photos and schematics of typical model lattice leg (All dimensions in mm) 
      
 
  (Elevation view of  
one leg section) 





             













Figure 3.8  PPT positions in soil sample and spudcan base 
 
 
(a) Strain gages                            (b) load cell 
Figure 3.9  Calibration of strain gages and load cell using triaxial loading frame 































Diameter = 5mm 
Length = 32cm 





(a) T-bar                                            (b) vane shear 
 
                (c) Vane shear 
Figure 3.12 T-bar calibration with vane shear at 1g condition 





Preloading: 10.4kN  
 

























































Preloading: 19.92 kN (location 2) 
Figure 3.13 Results of T-bar factor calibration in comparison with vane shear test at 
different preloading 
 














































Intact soil strength (kPa) 
Highly over-consolidated clay
Normally consolidated clay





Figure 3.15 Degree of consolidation for NC clay 
 

























Consolidation time (years) 
PPT1 at 9m soil depth
PPT 2 at 15m soil depth

























Consolidation time (years) 
PPT1 at 12.5m soil depth
PPT2 at 17m soil depth
PPT3 at 20m soil depth





Figure 3.17 Particle size distribution of the river sand 
 
   
(a) Sand dropping                             (b) Saturation of sand layer 































Particle size (mm) 









Chapter 4 Effect of lattice leg on short-term 
spudcan penetration and bearing behavior -
Centrifuge model test results 
4.1  Introduction 
As shown in Table 4.1, the parameters of the models tested include the following: 
a) Opening ratio of lattice leg. 
b) Shape of lattice section - 2 types of lattice sections are tested, namely circular 
and square sections. 
c) Area ratio of lattice leg.  
d) State of consolidation. Normally consolidated clay (NC) and over consolidated 
clay (OC) are studied. In the “testing no” column, N and O refer to normally 
consolidated and over consolidated clays, respectively. 
4.2 Soil strength profiles 
In all the centrifuge model tests, the undrained shear strength of soil sample was 
measured by T-bar penetrometer tests. Figure 4.1 shows the measured soil strength 
profiles for normally consolidated clay. As can be seen, the soil strength increases 
approximately linearly with depth. In general, the T-bar measurements are quite well-
banded. The main outliers are 1 test in N5 and another in N6, which appear to trend 
above the rest of the profiles at the bottom half of the clay bed. This can be attributed 




to a different batch of Malaysia Kaolin Clay. The soil strength profile can be fitted by 
using a ratio of 0.28 between the shear strength and vertical effective stress. In general, 
experimental data indicates that the ratio of soil strength over effective vertical stress is 
about 0.2 to 0.25 for normally consolidated clay. In this study, a ratio of 0.28 for 
normally consolidated kaolin clay seems to be slightly higher; this may be attributed to 
the fact that the T-bar factor is slightly under-estimated as discussed in sub-section 
3.2.6.3. 
Over-consolidated soil samples were prepared by using a high preloading pressure of 
150kPa in 1g prior to high-g consolidation. This is expected to give the over-
consolidation ratio profile shown in Figure 4.2.  As can be seen, the whole depth of the 
soil sample is over-consolidated and the over-consolidation ratio is 2 at a depth of one 
spudcan diameter below ground surface. Figure 4.3 shows the undrained shear strength 
of the over-consolidated clay beds. The soil strength is shown to increase with depth, 
with the rate of increase moderating gradually with soil depth. It is also observed that 
the soil strengths measured in varied positions and different soil samples are quite 
consistent with each other, thereby indicating a reasonably high degree of repeatability 
and uniformity in the samples. 
4.3 Cavity depth formation 
4.3.1 Soil surface deformation behaviour  
By using the camera mounted on the loading frame, the soil surface deformation 
behavior by spudcan penetration during high g was recorded.  
4.3.1.1 Effects of soil strength profile 




Figure 4.4 and 4.5 show sequential images at different stages during spudcan 
penetration without the lattice leg. in the centrifuge model tests, it is difficult to give 
the values of penetration for each picture “stage” as the pictures are captured from the 
video. Figure 4.4 presents spudcan penetration in normally consolidated clay. At the 
initial penetration (stage 1 to 4), the soil flows back onto the top of the spudcan almost 
immediately after the spudcan shoulder penetrates into the soil. At stage 2, there 
appears to be a very shallow cavity terminating at the upper surface of the spudcan. 
However, after the spudcan is fully penetrated (stage 5), this shallow cavity is no 
longer evident and the surface is nearly flat. This is consistent with the observation of 
Hossain et al. (2004(a)) for deep spudcan penetration in normally consolidated clay.  
Figure 4.5 shows the cavity left by a spudcan penetrating into clay bed which has 
undergone a 1g preloading of 150kPa. As mentioned earlier, this is expected to result 
in an over-consolidation profile as shown in Figure 4.2. The prototype equivalent of 
the prescribed depth of penetration is 16.6m, at which point, the soil is estimated to 
have an over-consolidation ratio of 1.5. Hence, the spudcan would be penetrating 
entirely through over-consolidated clay. As Figure 4.5 shows, during initial penetration 
(Stage 2), a cavity of significant depth was evident even after the spudcan shoulder has 
penetrated well into the soil.  With further penetration (Stage 3 to 5), the soil adjacent 
to the spudcan perimeter begins to back-flow gradually over the spudcan top, thereby 
maintaining the initial cavity.  A deep cavity remains after the spudcan has reached its 
intended prototype depth of 16.6m. Hence, the cavity induced by spudcan penetration 
will be deeper in over-consolidated clay than normally consolidated clay.  
4.3.1.2 Effects of lattice leg on Cavity Formation 




The soil flow behavior of the spudcan footing equipped with a square lattice section 
with opening ratio of 0.75 is shown in Figure 4.6 and Figure 4.7. Figure 4.6 presents 
the soil flow for lattice leg spudcan penetrating into normally consolidated clay. At the 
early stages of spudcan penetration, a cavity is evident, circumscribing the lattice leg. 
This cavity continues to enlarge until its periphery is well beyond the lattice leg. 
Within the lattice section, the soil surface is almost horizontal. However, between the 
exterior of the lattice section and the rim of the cavity, the slope of the cavity sides is 
roughly constant. This is clearly different from the soil flow pattern without the lattice 
leg and suggests that the backflow is now partially inhibited by the lattice.  
With over-consolidated clay, a deep cavity is formed inside the lattice leg, the sides of 
the cavity being almost vertical and coplanar with the lattice trusses, Figure 4.7. 
Outside the lattice leg, the cavity, albeit shallower,  is still evident and extends 
outwards for another 0.5 to 1 times the width of the lattice section, before terminating 
in a steep-sided rim.  Post-test measurements (Figure 4.7(2)) showed that the diameter 
of the cavity, as measured by its edge on the ground surface, is approximately 17m to 
23m in prototype scale, while the square lattice section has prototype equivalent 
dimeter of 9.36m (Table 3.3). This is much larger than the lattice footprint and spudcan 
diameter and is the result of soil collapsing off the cavity wall.   
Figure 4.8 shows the ground surface deformation for spudcan penetration with lattice 
leg (with opening ratio e of 0.25) in over-consolidated clay. Measurements of cavity 
depth will be discussed later. However, qualitatively comparison shows that in Figure 
4.7 (e = 0.75), the cavity within the lattice section extends downwards to a depth of 
roughly 1.6 times the length of a leg segment; whereas in Figure 4.8, the cavity 
extends downward to a depth of more than twice the length of a leg segment. Hence, a 




deeper cavity is formed as the opening ratio decreases. The same phenomenon is 
observed for spudcan penetration into normally consolidated clay as shown in Figure 
4.9 and Figure 4.10. This is readily attributable to the greater restriction to backflow. 
As expected, for sleeves without openings, as shown in Figure 4.11 and Figure 4.12, 
backflow is completely restricted to outside the leg.  
4.3.2 Cavity depth measurement  
Cavity shape and depth for all models were measured at 1g after spudcan penetration. 
4.3.2.1 Cavity depth definition 
Figure 4.13 shows the typical shapes of the final cavity for the scenarios tested. As can 
be seen, for spudcans without lattice leg in over-consolidated soil, the cavity takes the 
form of a truncated, inverted cone, terminating above the spudcan level. This is likely 
to be due to the backflow soil and possibly a small amount of collapsed soil from the 
sides of the cavity. Post-test 1g measurements showed that the surface diameter of this 
cavity is approximately 11.5m and bottom diameter 6.5m while the depth is 
approximately 8m in prototype terms. The diameter of the base of this truncated cone 
is approximately half that of the spudcan. The top of the cone is slightly smaller than 
the spudcan. This suggests an inward movement of the rim, possibly due to partial 
backflow of soil near the ground surface. If this is true, then it would suggest that soil 
backflow occurs at all depth. The only difference is that, at shallow depths, the amount 
of backflow is insufficient to alter the cavity significantly.  
It should be noted that there is no global volume change during spudcan penetration 
hereafter. To clearly show the cavity dimension, the far field soil is not presented in 
Figure 4.13. The created cavity is actually compensated by the soil heave at the near 




field and extends to far field. However, the heave is usually not significant as the 
volume change is distributed over a large area since this is an axisymmetric problem 
and volumetric change is dispersed axisymmetrically.  
As shown in Figure 4.14, for spudcans with lattice legs, the cavity can be sub-divided 
into two zones.  The first is an outer shallow zone around the lattice leg, which has 
sloping sides. The second is an inner, deeper cavity within the lattice section. The 
depth of this inner section increases as the opening ratio of the lattice leg decreases.  
The observed shapes of the cavity motivate three possible definitions of cavity depth, 
as illustrated in Figure 4.14. The first is the depth of the cavity within the lattice 
section, denoted hereafter by Hi. For spudcans without lattice, this is defined as the 
volume-averaged depth over 60% of spudcan footprint area, the volume being the real 
cavity volume, and the 60% being a typical area ratio for lattice leg-spudcan 
arrangements. Another possible definition is the volume-averaged depth over the 
footprint of the spudcan, denoted hereafter by H. In this study H is determined using 
the relation 
i aH H A                                                   (4.1) 
In which Aa is the area ratio. For spudcan models without lattice legs, Aa is assumed to 
be 0.6, this being consistent with the 60% area ratio assumed when calculating Hi. The 
third definition is the depth of the shallow cavity outside the lattice section, Ho.  
The other parameters are also shown in Figure 4.14. In this figure, d is the spudcan 
penetration depth, determined from the lowest point of the largest spudcan cross 
section area (termed hereafter as the loading reference section) to the original soil 
surface; this spudcan penetration depth definition will be used hereafter in this study 




for all the centrifuge model tests and numerical modeling. Su and SuH are the soil 
strengths at depths d and Hi, respectively. D is the maximum spudcan diameter and Da 
is the final diameter of the affected zone at the ground surface, measured post-test by 
visual inspection.  
4.3.2.2 Final Cavity depth 
Table 4.2 summarizes inner cavity depths as measured after spudcan penetration in the 
centrifuge model tests.  The bracketed values in Table 4.2 are the calculated equivalent 
cavity depths with a cross sectional area of maximum spudcan footprint, that is H.  
Hossain et al.’s (2006) and SNAME’s (2008) methods are also used to estimate the 
cavity depth and compared with measured H deduced via Eq. 4.1. Hossain et al.’s 
(2006) and SNAME’s (2008) methods do not consider the opening ratio. Hence, they 
will return the same answer regardless of opening ratio. As Table 4.2 shows, for 
opening ratios of 1.0 and 0.75, Hossain et al.’s (2006) method tends to give a larger 
cavity depth than that observed in normally consolidated and over-consolidated clay.  
It should be highlighted that Hossain et al. (2006) defined the depth H as that measured 
at the bottom of the cavity as shown in Figure 4.15. It is uncertain if the shape of the 
cavity had been taken into account in their definition. The cross-sectional area of the 
cavity was taken to be equal to the maximum spudcan footprint (Figure 4.15). On the 
other hand, in this study, the cavity depth H for spudcan without lattice is defined as 
equivalent volume-averaged depth over the spudcan footprint (Figure 4.14), which 
gives the same cavity volume as the actual cavity. Hence, Hossain et al.’s depth is 
usually larger than the spudcan footprint-equivalent depth definition used herein. 




SNAME’s (2008) method seems to give a good prediction of the cavity depth for 
spudcan foundation with lattice leg (opening ratio e= 0.75) in soft clay. For spudcan in 
stiff clay, SNAME’s (2008) method indicates that the cavity depth is the same as the 
spudcan penetration depth. While this may be reasonable for shallow penetration depth, 
it is evidently an over-estimate for deeply penetrated spudcans.  
4.3.2.3 Lateral extent of the spudcan disturbance 
Based on the images in Figure 4.7, for example, the affected surface area appears to 
increase with spudcan penetration in the early stages. The lateral enlargement of the 
cavity appears to be caused by soil collapsing off the rim of the cavity, thereby causing 
the cavity rim to migrate outwards. This process appears to be insignificant when the 
spudcan depth exceeds one spudcan diameter.  
The final lateral extent of the disturbed zone at the soil surface is also summarized in 
Table 4.2.  For spudcan foundations with lattice legs, the soil surface distortion area 
varies from 1.4D to 2.0D. For spudcan foundations without lattice legs, this affected 
area is smaller. Hence, lattice leg appears to affect not only the depth of the cavity but 
also the surface footprint of the spudcan. 
4.4 Load-penetration response in short-term 
4.4.1 Effect of leg shape  
The cross-section of a lattice leg is usually triangular or square. So far, square and 
circular sleeves with varied opening ratios have been used in the laboratory to simulate 
the lattice leg. Triangular legs were not modeled herein. In order to assess if the cross-
section shape of the lattice leg has any effect on cavity development, a comparison was 
conducted using tests N4 and N6 which involved circular (N6) and square sleeves (N4) 




with the same area ratio. Both are fully enclosed, that is, have zero opening ratio.  
Figure 4.16 and Figure 4.17 show the soil strength profiles and load-penetration 
responses for spudcans with square and circular sleeves in normally consolidated clay, 
respectively. As can be seen, the penetration resistance of spudcan with circular sleeve 
is shown to be slightly higher than that of square. This is attributable to the slightly 
higher soil strength in N6. Hence it is more reasonable to compare the leg effect using 
bearing capacity factors. 
Figure 4.18 shows the bearing capacity factors Nc for spudcans with square and 
circular sleeves, which are defined by  
/c u uN q S                                                           (4.2) 
where 
uS  
is the undrained shear strength at the loading reference section as indicated 
in Figure 4.14, and 
uq  is the ultimate bearing pressure measured on spudcan footing 
by the load cell as discussed in section 3.2.5. In this primary equation, the bearing 
capacity factor is determined without considering the soil back flow and the soil 
weight replaced by spudcan and lattice leg. 
As can be seen from Figure 4.18, the bearing capacity factors of both legs are nearly 
the same, thereby indicating that the leg shape effect on the vertical bearing capacity of 
spudcan foundation is insignificant. Hence, in all centrifuge model tests, the square leg 
is used and believed to be effective to investigate the load-penetration behavior for 
spudcan penetration in clay deposits. 




4.4.2 Effect of leg area ratio  
To study the effect of the area ratio of the lattice leg, the bearing capacity of a circular 
sleeve enclosing the whole spudcan area is compared with that of a smaller circular 
sleeve. As Figure 4.19 shows, the soil strength profiles for N5 and N6 are in close 
agreement with each other. On the other hand, as shown in Figure 4.20, the load-
penetration curves of the two tests diverge after the first two meters of penetration. 
Figure 4.21 shows the bearing capacity factors of tests N5 and N6, which indicates that 
the spudcan footing enclosed with the big leg yields a slightly higher bearing capacity 
factor. This might be expected because of additional friction mobilized on the big leg 
and more soil is restricted outside the leg.  
4.4.3 Effect of opening ratios  
4.4.3.1 Skin friction on lattice leg in short-term 
The lattice leg of jack-up rig is simulated using model sleeve with openings connected 
to the center shaft of the spudcan. As Figure 3.7 shows, strain gauges on the shaft 
allow the skin friction on each lattice leg segments to be measured separately from that 
of the spudcan footing. 
Figure 4.22 shows the axial forces on the shaft measured by the different strain gauge 
layers. As Figure 3.7 shows, the strain gauges are located between adjacent lattice 
segments. If there is significant side friction on the lattice segments, then the forces 
measured by these strain gauges would show an increase from the bottom upwards. As 
can be seen, the forces in all the layers are almost the same, indicating that side friction 
between sleeve and the surrounding soil is not significant. The same trend is reflected 
also in Figure 4.23 to Figure 4.25. This may be partially due to fact that the backflow 




soil is very heavily remoulded and fully softened; and is thus unable to transfer 
significant levels of load. Furthermore, as the square sleeve is located just behind the 
largest cross section of spudcan, and its plan view area is smaller than that of the 
spudcan, the latter might also have provided some screening effect and the contact 
stress between the soil and lattice or sleeve may not fully develop in the short term.  
Chen and Randolph (2007) reported average shaft friction ratio values   during 
caisson installation in centrifuge model tests,   being defined as the interface shear 
stress to undrained shear strength of the surrounding soil. The average   values were 
0.38, 0.41 and 0.16 for tests in NC, LOC (OCR=1.5) and sensitive clays, respectively. 
Chen and Randolph’s caisson was artificially roughened by sand blasting. In this study, 
the aluminum leg is polished; hence its shaft friction ratio is likely to be smaller. 
Furthermore, the lattice section has a smaller footprint than the spudcan. Hence the 
latter may have a screening effect that mitigates the contact stress between lattice and 
soil.  
Based on the findings by Chen and Randolph (2007), for the full sleeve case (e=0, 
Aa=1), α is assumed to be 0.3 to determine the shaft friction at spudcan depth of 14.4m. 
It is calculated that the shaft friction induced in NC and OC clay is about 1.86MN and 
3.23MN, respectively, about 3.9% and 5.7% of their total resistances, is not significant.  
Remoulded undrained shear strength is normally used to assess the shaft friction, from 
the measured sensitivity (Figure 3.14) of the Malaysia Kaolin clay, the   values are 
thus assumed to be the inverse of its sensitivity (intact soil strength over remoulded 
soil strength). The deduced    values are approximately 0.67-0.43 for normally 
consolidated clay and 0.14-0.25 for highly-over consolidated clay (pre-consolidation 




pressure is 600kPa) in long-term condition (test was not performed for the over-
consolidated clay experienced pre-consolidation pressure of 150kPa); should be 
smaller in short-term condition, especially for spudcan penetration in over-
consolidated clay. Hence it is not likely to induce significant shaft friction during 
spudcan installation even for spudcan enclosed with full sleeve.  
4.4.3.2 Weight of back flow soil  
Table 4.3 shows the calculated weight of backflow soil over the spudcan footings at 
1.2D depth, in which depth stable cavity depth has been achieved for spudcans without 
legs and with lattice legs, for spudcans with sleeves, the cavity depth increase 
continuously with spudcan penetration. It is assumed that the bulk unit weight of the 
soil remains at its in-situ value. The bearing resistance improvement due to cavity 
formation is then determined by subtracting the soil weight above spudcan footing 
without leg. Comparison of tests N1 and N2 indicates that the contribution of the soil 
weight difference arising from cavity formation to the bearing capacity improvement is 
approximately 42%. A similar proportion is obtained by comparing test N1 and N3, O1 
and O3.  Hence the cavity formation appears to account for only a part of the bearing 
capacity improvement. The other part of the increase is likely to be due to a change in 
the foundation failure mechanism due to the presence of the leg itself, this effect will 
be discussed in Chapter 5 by numerical modelling. 
4.4.3.3 Load-penetration response and bearing capacity factor 
Figure 4.27 and 4.28 shows the penetration resistance and bearing capacity factor for 
lattices with different opening ratios, in normally consolidated clay. The parameters of 
each tests is summarized in Table 4.1. Test N1, which involves a spudcan with no 
lattice leg, is also included and this is taken to represent an opening ratio of 1.0. As can 




be seen, there is a small but consistent increase in penetration resistance and bearing 
capacity factor as the opening ratio decreases. The difference becomes more 
significant at large depths of penetration. The steady state bearing capacity factor, 
reached at depth > ~0.6D increases from about 10.5 to about 12.2 when the opening 
ratio decreases from 1.0 to 0. This can be attributed to restriction of sleeve and truss on 
soil backflow, which in turn affects the amount of backflow soil accumulated at the 
back of the spudcan. 
A similar penetration resistance and bearing capacity improvement is also present for 
over-consolidated clay as shown in Figures 4.29 and 4.30. However, this improvement 
is not as significant as that in NC clay. The difference can be attributed to the 
differences in cavity development. Significant cavity depth was ever observed in test 
O1 test, which had a spudcan footing without a leg. This will partially offset the 
contribution of cavity formation to the bearing capacity improvement when compared 
to spudcans with lattices. 
4.5 Excess pore pressure at spudcan base 
Figure 4.30 and Figure 4.31 present the generation and dissipation of excess pore 
pressure at spudcan base by spudcan penetration in normally consolidated clay. It 
could be observed that significant excess pore pressure is induced by spudcan 
penetration. The excess pore pressures are fully dissipated after approximately 552 
days and 547 days (Prototype scale) for spudcan with typical lattice leg(e=0.75, Aa=0.6) 
and sleeve (e=0, Aa=0.6). 




4.6 Concluding remarks 
a) It is found that the lattice leg has restricted the backflow soil on top of the 
spudcan. Cavity induced by spudcan penetration is more likely to develop 
in stiff clay than soft clay. Moreover, lattice leg with smaller opening ratio 
tends to induce deep cavity formation.  
b) Hossain et al.’s and SNAME’s methods are shown to overestimate the 
cavity depth, as compared with the measured cavity depths in current 
centrifuge model tests.   
c) It appears that the effect of leg shape on the vertical bearing capacity of 
spudcan foundation is insignificant. Hence the square leg is utilized in this 
study and supposed to be representative and effective to investigate the 
performance of spudcan foundation. 
d) Increased vertical penetration resistance and bearing capacity have been 
observed for spudcan footings with sleeves, in comparison with those 
without in clay deposits (both NC and OC clay), and the effect appears to 
vary with the opening ratios of the sleeve, it seems that smaller opening 
ratios tends to yield larger undrained vertical bearing capacity. 
e) The simulated leg with the same radius as the spudcan footing yielded the 
largest vertical bearing capacity than the one with smaller leg radius. This 
may shield light on the employment of sleeve to spudcan footing to 
increase the foundation bearing capacity and reduce spudcan penetration.  
 



















N1 / 5.5 1 0 NC 
 
Short-term 
N2 square 5.5 0.75 60 NC 
N3 square 5.5 0.25 60 NC 
N4 square 5.5 0 60 NC 
N5 circular 5.5 0 100 NC 
N6 circular 5.5 0 60 NC 
O1 / 150 1 0 OC 
O2 square 150 0.75 60 OC 
O3 square 150 0.25 60 OC 
O4 square 150 0 60 OC 














Table 4.2 Cavity depth inside the lattice leg and lateral affecting area induced by spudcan 







cavity depth Hi 
(H) (m)
1 
Cavity depth H 
(m) by 




Cavity depth H 









N1 1 0 1.9 1.5 22 1.83 
N2 0.75 2.7(1.6) 1.9 1.5 23 1.92 
N3 0.25 3.2(2.0) 1.9 1.5 23 1.92 
O1 1 4.6(2.8)
3 
5.4 Extend to the final 
spudcan 
penetration depth 
d, is about 14.5m 
12 1.0 
O2 0.75 5.2(3.2) 5.4 18 1.54 
O3 0.25 8.2(5.0) 5.4 17 1.42 
1 
The cross sectional area of the inner cavity in this study is equal to that of the lattice leg, while 
the cross section area of cavity by Hossain et al.’s method and SNAME method is equal to the 
spudcan maximum diameter. The bracketed values are equivalent to the area of spudcan diameter 
by times 0.61 area ratio of lattice leg for comparison with Hossain et al and SNAME’s methods.   
2
 Da  is the diameter at the ground surface of the affected area observed after spudcan installation.  
3










































N1 1 8.36 0 29.70 24.4 0 
N2 0.75 7.30 1.06 32.22 24.5 2.52 
N3 0.25 7.11 1.26 34.40 24.6 4.7 
N4 0 5.62 2.75 37.54 27.8 7.84 
N5 0 0 8.36 46.83 34.8 17.13 
O1 1 7.18 0 44.48 40.56 0 
O2 0.75 6.93 0.25 49.85 45.29 5.37 
O3 0.25 5.64 1.54 46.84 40.96 2.36 
O4 0 4.44 2.75 53.03 44.35 8.55 
O5 0 0 7.18 56.65 46.42 12.17 





Figure 4.1 Soil strength profiles for normally consolidated clay  
 
















































Over-consolidation ratio (OCR) 





Figure 4.3 Soil strength profile for over-consolidated clay 
 
(a) Stage 1                            (b) Stage 2                             (c) Stage 3 
 
    (d) Stage 4                           (e) Stage 5          



































(a) Stage 1                                 (b) Stage 2                             (c) Stage 3 
 
(d) Stage 4                              (e) Stage 5 
(1) Images from video recording under 100g 
 
 
(2) Final cavity observed from 1g 
Figure 4.5 Images from video recording and final cavity photos for test O1 
(OC clay, e=1) 
 
 





(a) Stage 1                               (b) Stage 2                             (c) Stage 3 
 
             (d) Stage 4                               (e) Stage 5                             (f) Stage 6 
Figure 4.6 Images from video recording under 100g for test L2* (NC clay, e=0.75) 
Note: *L2 refers to long-term centrifuge test in normally consolidated clay, the 1g preloading is 
















(a) Stage 1                               (b) Stage 2                             (c) Stage 3 
 
(d) Stage 4                               (e) Stage 5                             (f) Stage 6 
(1) Images from video recording under 100g 
 
 
(2) Final cavity formation observed in 1g  
Figure 4.7 Images from video recording and final cavity photos for test O2  
(OC clay, e=0.75) 
 





(a) Stage 1                               (b) Stage 2                             (c) Stage 3 
 
(d) Stage 4                               (e) Stage 5                             (f) Stage 6 
(1) Images from video recording under 100g 
 
  
(2) Final cavity formation observed in 1g  
 
Figure 4.8 Images from video recording and final cavity photos and schematic for test O3  




(OC clay, e=0.25) 
  
Figure 4.9 Cavity observed in test N2 (NC clay, e=0.75) 
 
  












(a) Stage 1                               (b) Stage 2                             (c) Stage 3 
 
(d) Stage 4                               (e) Stage 5 




(2) Final cavity formation observed in 1g  
Figure 4.11 Images from video recording and final cavity photos for test O4  
(OC clay, e=0, Aa=0.6) 
 





(a) Stage 1                               (b) Stage 2                             (c) Stage 3 
 
(1) Images from video recording under 100g 
 
 
(2) Final cavity formation observed in 1g  
 
Figure 4.12 Images from video recording and final cavity photos for test O5                 









Figure 4.13 Photo and schematic of cavity formation by spudcan only in OC clay (unit: 
mm) 
  
Figure 4.14  Cavity depth definition for embedded spudcan with lattice leg 
 
Soil surface heave 





Figure 4.15 Digital images and soil flow vectors of spudcan penetration in centrifuge test 
(after Hossain et al., 2006) 
 
 

































Figure 4.17 Load-penetration response of spudcan penetration in N4 and N6 
 






























































Normalized penetration depth (d/D) 
N4-square leg
N6-circular leg





Figure 4.19 Soil strength profiles for N5 and N6 
 




















































Penetration resistance (MN) 
N5, big circular leg
N6, small circular leg





Figure 4.21 Effect of leg area ratio on bearing capacity factors 
 













































































Figure 4.23 Penetration resistace measured by strain gages in N4 test (e=0, Aa=0.6) 
 
 













































































Figure 4.25 Penetration resistace measured by strain gages in O4 test (e=0, Aa=0.6) 
 
 








































































Figure 4.27 Effect of opening ratios on the bearing capacity factors of spudcan foundation 










































































Figure 4.28  Effect of opening ratios on the load-penetration responses in OC clay 
 
Figure 4.29 Effect of opening ratios on the bearing capacity factors of spudcan foundation 















































(a) N2 (e=0.75, Aa=0.6) 
 
(b) N4 (e=0, Aa=0.6) 
 




























































Excess pore water pressure at spudcan base (kPa) 
PPT7





(a) N2 (e=0.75, Aa=0.6) 
 
(b) N4 (e=0, Aa=0.6) 
 
Figure 4.31  Dissipation of excess pore pressure developed by spudcan penetration in 
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Chapter 5 Finite element analysis of spudcan 
installation 
5.1 Overview of Chapter 
To verify and extend the parametric range beyond that of the centrifuge model tests, 
effective-stress Eulerian analysis in ABAQUS/Explicit v6.11 was used to model 
continuous spudcan penetration. The effective-stress model used for this purpose is the 
modified Cam-Clay model which was incorporated into the user-defined material 
subroutine VUMAT (Yi et al. (2012b).  
The parameters studied in the finite element analysis include the following: 
a) Lattice legs modeled with different opening ratios, area ratios and shapes.  
b) State of consolidation.  
c) Spudcan diameters. 
d) Spudcan penetration depth (attain more than 2 times spudcan diameter). 
Based on the centrifuge model tests and finite element analysis, a relation between the 
cavity depth inside the lattice leg and the soil strength, spudcan diameter, opening ratios 
and area ratios of the lattice leg is proposed. Furthermore, penetration resistance and 




bearing capacity factors of spudcan foundation are deduced from finite element analysis 
and validated against centrifuge model test results.  
5.2 Finite element model 
5.2.1 Numerical modeling techniques 
5.2.1.1 Eulerian approach 
During spudcan installation, the soil around the spudcan experiences large deformation 
and strains.  To address this problem, an appropriate modelling method is required. 
In a traditional Lagrangian analysis in ABAQUS/Explicit, element nodes are attached to 
the material, thus elements deform as the material deforms. Lagrangian elements usually 
comprise of a single material, so boundaries between material zones must also coincide 
with element sides and faces (ABAQUS, 2011). In problems involving large deformation, 
the traditional Lagrangian elements often distort excessively giving rise to errors and 
difficulty in convergence.  
Very large deformation associated with soil flow is usually better dealt with using an 
Eulerian analysis, such as that available in ABAQUS/Eulerian. In an Eulerian analysis, the 
nodes are fixed in the space, and the material can flow through elements without 
corresponding element deformation. The Eulerian elements are not always full of the same 
material. They may be partially filled or completely void (ABAQUS, 2011). In this 
numerical analysis, a Eulerian approach is employed to model the soil domain.  
5.2.1.2 Effective-stress constitutive model 




Yi et al. (2012b) developed an effective stress undrained algorithm which can be used 
with ABAQUS Eulerian analysis. This algorithm was implemented through the user-
defined subroutine VUMAT, and involves splitting the total stress-strain matrix into an 
effective stress-strain matrix and pore water matrix. Stress and pore pressure increments 
are computed from the strain increments from these matrices and then passed out to 
ABAQUS through VUMAT.  More details about the effective-stress finite element 
method can be found in Yi et al. (2012b). 
Yi et al. (2012b) examined three constitutive models, namely the Drucker-Prager, Mohr-
Coulomb and modified Cam-Clay models. Of these three models, the modified Cam-Clay 
model was found to give results which were closest to the centrifuge model test data. In 
contrast, the Drucker-Prager and Mohr-Coulomb models over-estimated the spudcan 
penetration resistance; this being attributable to the presence of volumetric yielding in the 
modified Cam-Clay model, which led to a lower estimated undrained shear strength in 
normally consolidated and lightly over-consolidated clays. In this study, the modified 
Cam-Clay model is used to model soil behavior. The soil properties used in this study are 
summarized in Table 5.1, and are based on characteristic tests on the Malaysia Kaolin clay 
reported by Goh (2003).  
5.2.2 Finite element model 
5.2.2.1 Modelling Procedures 
The finite element model is shown in Figure 5.1. By taking advantage of quadrant-
symmetry, only quadrants of the spudcan and soil domain were modeled. The geometrical 




dimensions and boundary conditions adopted in the typical numerical model are identical 
with those in the present centrifuge model tests.   
As shown in Figure 5.1, a body of soil (30 m in radial extent and 27m deep) was modeled. 
Eight-noded Eulerian EC3D8R elements were used for the soil domain. A 9m thick layer 
of void Eulerian elements were also prescribed above the soil surface to accommodate 
potential soil heave. For computational efficiency and accuracy, a fine mesh was used in 
the vicinity of the spudcan footing while a coarser mesh was used further away. Prescribed 
velocity conditions were applied to the mesh boundary to control soil flow. Velocities 
normal to the planes of symmetry were prescribed to be zero. Radial flows were 
constrained to the curved vertical plane. Soil flow in vertical direction was also 
constrained to zero at the base of the model.  
The model spudcan footing and lattice leg was modeled as a rigid Lagrangian body with 
infinite stiffness. Eight-noded Lagrangian brick elements and six-noded triangular prism 
elements were adopted to compose the spudcan footing and lattice leg. The spudcan and 
lattice leg was constrained to displace vertically during installation.  
In ABAQUS/Explicit, Eulerian media are allowed to interact with Lagrangian structures, 
using a contact formulation based on an enhanced immersed boundary method. The 
Lagrangian spudcan and lattice leg were considered to occupy void regions inside the 
Eulerian soil mesh. The soil-spudcan interface was automatically computed and tracked 
using the Eulerian-Lagrangian contact algorithm. In this study, general contact and 
defaults are applied to implement the Eulerian-Lagrangian contact, wherein the tensile 
stresses are not transmitted along its contact interface, and the interface is assumed to be 




frictionless. Spudcan-soil friction was not modelled as the numerical computation is based 
on total stress in ABAQUS/Explicit, which is inconsistent with the effective stress 
approach adopted herein. Moreover, the model spudcan used in current centrifuge test was 
highly polished and therefore relatively smooth, and Hossain and Randolph (2009(a)) also 
noted that the roughness of spudcan footing has little effect on the bearing capacity of 
foundation in nonhomogeneous clay (soil strength increase with depth).  
At the start of the analysis, the spudcan footing was suspended above the soil domain with 
geostatic stress field specified and allowed to come into equilibrium with the self-weight. 
The spudcan footing was then jacked into the soil at a prescribed rate until the target depth 
was reached.  
5.2.2.2 Mesh convergence 
A mesh convergence study was performed using five different meshes, with different sizes 
and fineness as shown in Figure 5.2(a) to (e). The refined mesh area is one spudcan 
diameter laterally from the spudcan center (Figure 5.3(a)) for all the five meshes.  As 
shown in Figure 5.3, the load-penetration curves of meshes 3, 4 and mesh 5 agree 
reasonably well with one another. On the other hand, the penetration curves of meshes 1 
and 2 show fluctuations which may be attributed to the relative coarseness of the meshes.  
All subsequent analyses will be based on meshes 3 to 5.  
5.2.2.3 Penetration rate  
The load-penetration curves computed using six different penetration rates are shown in 
Figure 5.4. As can be observed, penetration rates from 0.18 m/s to 0.36 m/s gave almost 




the same load-penetration curve. Higher penetration rates led to fluctuations in the 
penetration resistance and generally higher penetration resistance. In subsequent analyses, 
spudcan penetration rates smaller than 0.36 m/s were used.   
5.3 Results  
5.3.1 Soil strength profiles 
Four soil strength profiles are used to examine the penetration and bearing behavior of the 
spudcan foundation.  The first two soil profiles are simulated to be consistent with the 
centrifuge modelings, referring to normally consolidated clay and over-consolidated clay 
with non-uniform OCR. In addition, two over-consolidated clay beds with uniform OCR 
of 2 and 4 are investigated.  
Since the modified Cam-Clay model is an effective stress model, the undrained shear 
strength is not an input parameter and has to be inferred indirectly. Two methods are used 
herein to infer the undrained shear strength. The first method is based on the behaviour of 
the modified Cam-clay model and is given by Wroth’s (1984) relation.  
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Where Su is the undrained shear strength of the soil, 'v  the effective vertical stress, '  
the effective friction angle from triaxial compression test, OCR the over-consolidation 
ratio, and  and   the slopes of isotropic compression and recompression indices, 
respectively, in natural log scale.  
The calculated soil strength profiles of NC and OC clay are shown in Figure 5.5 and 
Figure 5.6. For the normally consolidated clay, the modified Cam-Clay model predicts 
slightly lower undrained shear strength than the measured values, but yields significant 
under-estimation for over-consolidated clay. This is maybe due to that the Equation 5.2 is 
not just based on modified Cam-clay model, but contains quite a few assumptions apart 
from modified Cam-clay in predicting OC soil strength. The Equation 5.2 is based on soil 
strength over vertical effective stress, whereas modified Cam clay model is based on soil 
strength over mean effective stress. Furthermore, Equation 5.2 is proposed based on a 
series of experimental test results, is not interpreted from modified Cam-clay model. 
Secondly, In the Wroth’s formula Equation 5.2, Jaky’s rule Ko=1-sinϕ is also assumed for 
OC clay without taking into account the over consolidation ratio OCR. Thirdly, a T-bar 
factor of 11.8 is used in OC clay, which is obtained from the calibration in NC clay, 
maybe different in OC clay. Finally, the current T-bar calibration method may 
underestimate the T-bar factor due to the low shearing rate of vane shear.  
The second method involved back-deducing the undrained shear strength from the T-bar 
resistance in a simulated T-bar penetrometer test. The T-bar was assumed to be a rigid 




Lagrangian body and was penetrated into the same Eulerian soil domain as used in 
spudcan footing penetration. Similar to the spudcan simulation, by taking advantage of 
quadrant-symmetry, only quadrants of the bar and soil domain were modeled as shown in 
Figure 5.7 and Figure 5.8. The calibrated bar factor of 11.8 was used to infer the 
undrained shear strength from the T-bar resistance. Since the same bar factor was used in 
the actual and simulated T-bar penetrometer tests, the exercise is the same as simulating 
the T-bar resistance and comparing it with the measured resistance. 
Two friction coefficients M, viz. 0.9 and 0.69, were used to determine the undrained shear 
strength. These two values are the equivalent friction coefficients in triaxial compression 
and extension tests for a critical frictional angle of 23o , which is the measured angle of 
friction of the soil. The computed soil strength profiles for NC and OC clays are compared 
with the measured soil strengths in Figure 5.9 and Figure 5.10. It is evident that the 
simulated T-bar penetration gives a much more reasonable prediction on the soil strength 
profiles, in comparison with the theoretical modified Cam-Clay formula. However, this 
method may bring some error on computing the soil undrained shear strength, yielding 
upper bound for normally consolidated clay and either upper bound (M=0.9) or lower 
bound (M=0.691) for over-consolidated clay. Hence, averaged experimental soil strengths 
are used for the subsequent analyses. For the normally consolidated clay, the averaged soil 
strength is approximately 0.28 times of the in-situ vertical effective stress; this relation is 
based on most of the centrifuge test results, without taking into account the single higher 
soil strengths. For over-consolidated clay, the averaged experimental soil strength is 
constrained with the similar trend as the T-bar measurements beyond the depth of about 
13m, as the increase rate of soil strength becomes significantly lower.  




5.3.2 Soil flow mechanism  
In this numerical study, the instantaneous velocity vector is plotted to present the soil flow 
mechanism induced by spudcan penetration. To be more comparable, the same vector size 
of 12 is adapted to display the vector magnitude. It should be noted that this vector size is 
adopted merely to give a qualitative overview of the velocity vectors, is not the real vector 
scale.   
5.3.2.1 Effect of soil state of consolidation 
Figure 5.11 presents the instantaneous velocity vector by spudcan penetration in normally 
consolidated clay at different soil depths.  At a shallow depth of penetration, the soil 
beneath spudcan footing is forced downward and outwards, while soil around the spudcan 
edge is pushed radially outwards, thereby producing surface heave.  As penetration 
deepens (d/D = 0.31), more soil near the spudcan edge flows around and back to the top of 
the footing. Heaved surface soil begins to flow back to the top of the spudcan footing. For 
penetration depths beyond 0.76D, soil flow around the spudcan edge is fully localized 
without affecting the ground surface, and a stable, shallow cavity is maintained.  
The lateral extent of soil deformation decreases with depth of penetration, from 
approximately 1.7D to 1.4D with spudcan penetration. Hossain et al. (2005) also reported 
that the lateral extent of the zone of influence varies from 1.5D for near-surface 
penetration to 1.3D for deep penetration. Craig and Chua (1990) also reported  a lateral 
extent of 1.5D at a penetration depth of 0.75D. On the other hand, the vertical extent of 
soil distortion increases with spudcan penetration from 0.2D to 0.5D. Thereafter, the 
vertical extent of the zone of deformation remains almost the same. This implies the 




presence of a soil plug beneath the spudcan which is moving downwards together with the 
spudcan, which also agrees well with Hossain et al.’s (2005) finding.   
Figure 5.12 presents instantaneous velocity vector field computed for spudcan penetration 
in over-consolidated clay with OCR decreasing with depth. As can be seen, larger depth of 
penetration (~1D) is required to achieve fully localized soil flow around spudcan footing. 
The lateral extent of soil deformation during near- surface penetration is not as significant 
as that in NC clay. On the other hand, for deep penetration, the lateral extent of soil 
distortion is approximately 1.5D, which is slightly larger than that in NC clay.  The 
vertical extent of soil distortion area is much more significant at surface penetration than it 
in NC clay. It decreases from ~1D at a spudcan depth of 0.31D to ~0.4D at ~1D spudcan 
depth, at which point localized flow fully develops.  
5.3.2.2 Effect of lattice leg  
Figure 5.13 and Figure 5.14 show the velocity vector fields for spudcan with circular and 
square legs in NC clay. In general, the soil flow pattern for the circular and square-legged 
spudcan is very similar. The vertical and lateral extents of the affected zone at 
intermediate depth of penetration are also nearly equal. The same findings apply to OC 
clay, as shown in Figure 5.15 and Figure 5.16. This is also consistent with the similarity in 
the load-penetration curves from centrifuge model tests. Hence, the cross-section shape of 
the leg does not appear to have a significant effect if the area ratio (of the lattice cross-
section) is the same.  




Comparison of Figure 5.11 and Figure 5.13 allows the effect of a typical lattice section to 
be examined. In both cases, localized flow appears to develop fully beyond a depth of 
0.76D. However, the deeper cavity in Figure 5.13 indicates that the lattice has introduced 
some obstruction to the soil flow. There are also some differences in the velocity vector 
fields of the two cases. For the spudcan without lattice leg, soil flow into the “wake zone” 
behind the spudcan occurs both just behind the spudcan (due to local soil flow) and also 
near the ground surface, the latter arising from cavity collapse. For the spudcan with 
lattice, the near-surface cavity collapse is largely suppressed while the backflow appears 
to be more dispersed, with the flow pattern extending higher up behind the spudcan before 
moving into the wake. Both phenomena can be attributed to the obstruction posed by the 
lattice. For the near-surface region, the presence of the lattice inhibited cavity collapse, 
leading to deeper cavity. Just behind the spudcan, the obstruction to the soil flow causes 
the plastic soil flow to be more dispersed. One may surmise that this is likely to lead to an 
increase in plastic work done, which is consistent with the larger penetration resistance. 
Inside the lattice leg is observed, soil movement is vertical to sub-vertical. Soil movement 
outside the lattice leg is insignificant. Once localized backflow has established, the cavity 
depth remains almost unchanged until the final spudcan penetration of 1.36D. The 
restriction to soil flow into the lattice section is larger for OC clay shown in Figure 5.15 
and Figure 5.16, and the cavity depth is correspondingly larger.  
Further suppression of the backflow is evident when the leg is fully enclosed, i.e. Figures 
5.17 and 5.18. With a sleeve with area ratio of 0.61, ground surface heave is predicted in 
the vicinity of the sleeve, at all stages during penetration. While a small zone of re-
circulatory flow is still present around the edge of the spudcan, the lateral outward soil 




movement beneath the spudcan is much more significant than that without leg or with an 
open lattice (opening ratio 0.75). Increasing the area ratio to 1.0, making the sleeve 
footprint equal to that of the spudcan, virtually suppresses the re-circulatory flow 
completely. The soil movement beneath the spudcan is now significantly downwards and 
outwards, together with a slight upward movement of the far-field soil above spudcan 
level. Heave is further accentuated. In OC clay, Figure 5.19 and Figure 5.20, the near-field 
heave is largely suppressed by the higher strength of the ground surface soil. Instead, it is 
replaced by much smaller rise in the ground surface level which extends out into the far-
field. The downward and outward movement of the soil beneath the spudcan is larger than 
that for the same type of leg in NC clay. This indicates a further dispersion of the soil flow 
in OC clay, both downwards and laterally. 
Figure 5.21 and Figure 5.22 summarize the soil velocity vector field at 1.36D by spudcan 
with and without lattice leg in normally consolidated and over-consolidated clays, 
respectively.  As can be seen, the soil element around spudcan footing experience different 
states of stress condition, including compression, direct shear and extension. This effect 
varies with different lattice legs especially in over-consolidated clay; for the full circular 
sleeve (Figure 5.22(d)), soil element beneath spudcan footing is vertical flow directly, 
approximately fully compressed, while for spudcan with smaller cross-section lattice leg 
(Figure 5.22(b) and (c)), soil element around spudcan edge is partially sheared and 
extended due to the re-circulatory soil flow; this effect is much more significant for the 
spare spudcan case (Figure 5.22(a)). This difference in mechanism might allow the 
different M-values (i.e. for compression and extension) to assume different degrees of 




importance. For a constant effective friction angle, the M value will vary between these 
extremes.  
It should be noted that from Figure 5.11 to Figure 5.22, to present the soil flow trend on 
the cavity free surface, the intermediate view of the finite element mesh is presented; it is 
neither fully side view nor fully front view. Take spudcan with typical lattice leg for 
example, Figure 5.23 present the instantaneous velocity vectors at different perspectives, 
the side view (a), front view (b) and intermediate view (c). The observed soil vectors 
outside soil is due to different perspective of the finite element mesh; there should not be 
velocity vectors in the cavity as shown in the side view (a). 
It should also be noted that only partial finite element meshes are presented from Figure 
5.11 to Figure 5.22 due to space limit. During the whole spudcan penetration, the global 
soil volume is unchanged. As shown in Figure 5.24, the created cavity volume is 
compensated by the soil surface heave, which however is not easily to be observed in the 
partial finite element mesh. The heave is usually not significant as the cavity volume 
change is distributed over a large soil area. 
As observed from Figure 5.20, the meshed area 30m in radius and 27m in depth (modeled 
in consistent with the centrifuge boundary) is not big enough at the bottom. The full mesh 
has been shown in Figure 5.25 (a), it could be found that at the final spudcan penetration, 
the distance between maximum spudcan cross section to the soil bottom is 10.7m, is about 
0.9 times spudcan diameter, this distance is usually sufficient for spudcan without lattice 
leg, however, it seems not sufficient for spudcan with full sleeve in OC clay. In this case, a 
bigger mesh with deeper soil (Figure 5.25 (b)) has been used for this case to identify its 




flow mechanism and bearing behavior.  Compared the instantaneous velocity vectors by 
the two soil domains,  a deeper soil domain seems to give a much more reasonsable soil 
velocity vectors, without boundary effect at the soil bottom.  On the other hand, the 
computed penetration resistances in the two soil domains are presented in Figure 5.26, it is 
observed that the averaged resistance difference from 7.3m to 16.3m is less than 5%, 
should be reasonable. In the subsequent analysis, to compare with the centrifuge model 
test results, penetration resistance from the small soil domain is used. Furthermore, the 
cavity depths are the same since all the soil is restricted outside the sleeve.  
5.3.3 Cavity formation and limiting cavity depth 
5.3.3.1 Influence factors 
Figure 5.27 compares the depths of the cavities formations by deeply penetrated spudcans 
with lattice legs with the same opening and area ratios but different shapes, in OC clay. As 
can be seen, the inner cavity depths in both lattice legs are 11.7m (for the circular lattice) 
and 11.8m (for the square lattice). This suggests that the shape of the lattice leg does not 
significantly affect the depth of the cavity. This is consistent with the similarity in soil 
movement patterns arising from both legs. Taken together, this suggests that the shape of 
the lattice cross-section does not significantly affect the soil flow or cavity depth, provided 
that the opening and area ratios are maintained. 
Five opening ratios are studied herein, namely 0, 0.25, 0.5, 0.75 and 1. Figure 5.28 
presents cavity formations by spudcan penetration at 1.36D in OC clay, in which the 
enclosed lattice legs are modelled with opening ratios of 0.25, 0.5 and 0.75. As can be 




observed, the lattice leg with the smaller opening ratio is shown to result in deeper inner 
cavity, due to its restriction on soil flow.  
Four area ratios, namely 0.4, 0.61, 0.8 and 1, are examined using finite element analysis. 
Prototype lattice legs typically have area ratios of about 0.6. The corresponding cavity 
depths induced are all summarized in Table 5.2. Cavity depth is found to increase with 
area ratio increase from 0.4 to 0.61, after that it decreases with increased area ratio. This 
suggests that the cavity depth is influenced by the area ratios; bigger area ratio does not 
mean deeper cavity.  
Apart from the above parameters, the other parameters studied are spudcan diameter 
(Figure 5.29), over-consolidation ratio profile (Figure 5.30) and depth of spudcan beyond 
1.36D (Figure 5.31 ). The results are summarized in Table 5.2. 
As Figure 5.31 shows, the typical cavity consists of two regions. Inside the lattice, the 
cavity is vertical-sided, the sides being formed by the planes of the lattice truss. Outside 
the lattice, the cavity takes the form of a funnel. Comparison of Figure 5.31(a) to (e) 
suggests that the inner cavity depth Hi remains almost the same after spudcan reached 
beyond the depth of 0.86D. This indicates that, by a depth of about 1.36D, a stable inner 
cavity has been reached. Based on Hossain et al.’s (2005) numerical and experimental 
results, for spudcan without lattice, a stable cavity has been formed when the spudcan 
reaches a depth of 0.5D. Hence, the trends for the two are similar except that the limiting 
spudcan depth is larger with lattice leg. While for the outer cavity Ho, it is shown to 
increase slowly with penetration accomplished by sharp slope at the depth of 2.36D, much 
of the outer cavity is shown to lie outside of the spudcan footprint.  




5.3.3.2 Proposed method for cavity estimation 
Summary of inner and outer cavity depth 
Table 5.2 summarizes all the inner and outer cavity depths from centrifuge model tests and 
finite element analyses. It is noted that the outer cavity depths averaged to approximately 
2m and 3.4m for NC clay and OC clay, respectively, and do not change significantly with 
other parameters. They are also significantly smaller than the inner cavity depth especially 
in OC clay. 
To identify the outer cavity effect, the outer cavity volume is calculated and compared 
with the total cavity volume. As could be observed from Table 5.2, the volume proportion 
accounted for by the outer cavity is larger in NC clay than in OC clay. The maximum 
volume proportion due to the outer cavity is less than 30% of the total cavity volume 
(within the spudcan footprint). It may also be noted that, in a typical jack-up leg, much of 
the outer cavity would lie outside of the spudcan footprint. It is therefore postulated herein 
that the inner cavity depth is likely to play a much more significant role in bearing 
capacity calculations.  
Limiting inner cavity depth estimation  
The discussion above indicates that the shape of the lattice cross-section was found to 
have no significant effect on the limiting cavity depth Hif. The parameters affecting the 
limiting inner cavity depth are as follows: 
(a) The over-consolidation ratio profile of the soil. 




(b) The opening ratio e. 
(c) The area ratio Aa. 
(d) The spudcan diameter D.  
The over-consolidation ratio profile is not a single-valued parameter. In this analysis, it is 
postulated that the effect of the over-consolidation ratio profile can be approximately 
represented by the undrained shear strength of the soil at the depth corresponding to the 
bottom of the cavity. This is based on the notion that the undrained shear strength of the 
soil at the depth corresponding to the bottom of the cavity is likely to play an important 
role in restraining ingress of soil from the outside of the lattice to the inside, regardless of 
whether this is due to backflow or cavity wall collapse. 
It will be noted that the opening and area ratios are already dimensionless variables. 










, where '   is the submerged unit weight of the soil. A power-law-
product relationship is assumed to exist between the four dimensionless parameters. As 
shown in Figure 5.32, the combined model test and finite element results can be fitted by 
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The actual inner cavity depth Hi is then given by the smaller of d1 or Hif, in which d1 is the 
depth from soil surface to the top of the spudcan. As shown in Equation 5.5, the plot 
includes cases without lattice legs. In such cases, the cavity depth has been calculated by 




dividing the cavity volume by a cross sectional area of 0.6 times the maximum spudcan 
area. As mentioned earlier, this is the typical area ratio used in lattice leg-spudcan 
arrangements. It should be mentioned that Equation 5.5 is not strictly applicable for e = 1 
since it would imply that 
ifH
D
 would still be a function of the area ratio Aa, which is 
incorrect. Nonetheless, as Figure 5.32 shows, the data points for e = 1 are very close to the 
Origin and are unlikely to affect the fit significantly. Furthermore, prototype jack-up legs 
do not usually have an opening ratio, e of 1. For opening ratio of zero, the limiting inner 
cavity depth is infinity and the actual cavity depth is just simply given by d1.  
Up to now, few field data has been published with respect to the cavity depth 
measurement, and is urgently needed to validate the proposed relation in Equation 5.5. 
This kind of scenario is commonly encountered in offshore Geotechnics wherein field data 
is scanty and very difficult to obtain. Hossain et al.’s (2006) relationship, although widely 
cited, has never been validated by field data. The same applies to spudcan yield envelopes 
in the industry standard SNAME (2008) which is almost basically entirely on 1-g and 
centrifuge model tests, simply because there are no available field data. However, there 
may be another way to validate its feasibility, since the prediction of cavity depth will 
influence the bearing capacity of spudcan foundation (Equation 5.6 shown in the 
subsequent section). The proposed relation maybe validated by a good prediction of the 
bearing capacity. 
5.3.3.3 Comparison with other methods 




Table 5.3 shows the estimated cavity depth using three methods, the proposed method in 
this study, SNAME (2008) method and Hossain et al.’s (2006) method. To be comparable, 
all the cavities are converted into inner cavity depth Hi.  In Figure 5.33, predicted cavity 
depths using Hossain et al.’s (2006)  method  are also plotted as y-co-ordinates of the 
relevant points while Equation 5.5’s predictions are plotted as x-co-ordinates. Since 
Hossain et al.’s method does not consider the effect of a lattice leg, the calculated cavity 
depth can only be compared to the cases without lattice legs. Hossain et al.’s (2006) 
method seems to give a much higher limiting cavity depth than Equation 5.5, especially in 
stiff clay. They are also significantly larger than the cavity depths observed in centrifuge 
model tests. 
On the other hand, SNAME’s (2008) method indicates that the cavity depth will increase 
continuously with spudcan penetration until the final spudcan penetration, which is 
obviously unrealistic.  
5.3.4 Penetration Resistance 
To estimate the load-penetration response of spudcan foundation, finite element analysis 
was performed to verify and extend the centrifuge model tests.  In the finite element 
analyses, significant cavities were formed by spudcan installation, however the transient 
flow of water into the cavity was not modeled; the cavity is empty without water. This is 
different from offshore jack-up spudcan installation and current centrifuge model test. 
Hence, in the finite element analysis, the weight of the water in the cavity was subtracted 
from the computed foundation reaction force. The water was assumed to flow into the 
cavity immediately after cavity formed and water volume assumed to be equal to the inner 




cavity volume. The inner cavity volumes are all directly deduced from their separated 
cavity formations.  
5.3.4.1 Comparison with centrifuge model tests – Sensitivity Study 
Figures 5.34 and 5.35 examine the influence of the friction coefficient on the computed 
penetration resistance for a spudcan in normally consolidated and over-consolidated clay, 
with and without the lattice leg. The friction coefficient used ranges from 0.9 to 0.691; 
these being the triaxial compression and extension friction coefficients corresponding to 
friction angle of 23º. In Figure 5.35(a), two additional friction coefficients are also used. 
0.796 is the averaged value of 0.9 and 0.691. 0.718 is obtained by equating the projected 
area of the circular Cam-Clay generalization on the octahedral plane (or π-plane) to that of 
the hexagonal Mohr–Coulomb generalization. This is the same as the approach used by Yi 
et al. (2012) for the Drucker-Prager model.  
The results show that, in normally consolidated clay, the difference was quite marginal, 
although the lower friction coefficient predictably gives a lower penetration resistance. 
The numerical results give a good prediction of the experimental data, except for the full 
circular leg case (e=0, Aa=1) shown in Figure 5.34(e).This is mainly due to the larger soil 
strength for this experimental soil sample (Figure 4.1), leading to larger bearing resistance 
than the numerical result. For over-consolidated clay, the difference is more significant 
and the penetration resistance is generally larger, and the friction coefficient of 0.718 
seems to give the closest match to the experimental data, both with and without the lattice 
leg. For the full circular leg case (e=0, Aa=1) shown in Figure 5.35(e), the friction 
coefficient of 0.9 is shown to underestimate the experimental results at deep penetration 
beyond a depth of 11m, this is consistent with the slightly increased soil strength in the 




experimental soil model beyond 10m depth compared with the other soil samples (Figure 
4.3).  Another reason may be attributed to the possible bottom boundary effect occurred in 
the centrifuge model test based on the FEM result. As observed from the soil velocity 
vector field for full circular leg in over-consolidated clay (Figure 5.20), the clearance 
between spudcan base and soil bottom seems to be insufficient when spudcan is penetrated 
to a depth of 1.36D.  This possible bottom boundary effect may lead to a larger 
penetration resistance measurement in centrifuge model test.   
The difference due to friction coefficient may be attributed to the fact that, in normally 
consolidated soil, a significant portion of penetration resistance comes from “soil 
buoyancy” effect, that is, the difference between weight of the soil within the cavity and 
that outside. For over-consolidated clay, the strength of the soil accounts for a larger 
portion of the penetration resistance. Another reason is maybe due to the difference of soil 
flow mechanism as a larger influence zone both vertically and laterally is mobilized in 
over-consolidated clay, leading to more dependence on soil strength. Hence, the difference 
arising from the friction coefficient is also correspondingly larger. Notwithstanding this, 
the results indicate that the range of friction coefficient of 0.691 to 0.9 generally bracket 
the centrifuge model values. 
In the over-consolidated centrifuge model, the maximum vertical effective stress is set by 
the 1-g consolidation process prior to high-g centrifuge consolidation. Since the over-
consolidation ratio OCR of soil deposit decreases with increased depth, so does the 
coefficient of earth pressure at-rest 0K  and the isotropic pre-consolidation pressure 0 'p . 
On the other hand, they were idealized to be constants (Pre-consolidation pressure is 




applied to model its stress history). The constant and changed 
0K  and 0 'p  are illustrated 
in Figure 5.36. The detailed calculations could be found in Appendix 1. 
As shown in Figure 5.37, using the constant 
0K  and 0 'p  give slightly lower penetration 
resistance for spudcan with and without lattice leg. However, the difference is generally 
small, consistently less than 10%. Subsequent analyses were conducted using constant 
0K  
and 0 'p . 
5.3.4.2 Effect of lattice leg and sleeve 
Figure 5.38 presents the load-penetration response by spudcan penetration in NC clay; 
spudcan is equipped with and without lattice legs. The lattice leg was prescribed with 
different area ratios and opening ratios. As can be seen, beyond a depth of 2m, slightly 
larger penetration resistances are computed for spudcans with lattice leg. Moreover, lattice 
legs with smaller opening ratios (same area ratio of 0.6) are shown to yield larger 
resistance; the full circular sleeve (opening ratio 0 and area ratio 1.0) is shown to yield the 
largest resistance. This can be attributed to the fact that the back-flow soil is partially or 
fully prevented outside the lattice leg and sleeve as well as the reduced soil weight on top 
of the spudcan footing due to the deeper cavity.  
With over-consolidated clay (OCR-nonuniform), Figure 5.39, there is no significant 
difference in penetration resistance at depth less than 6m. This is attributable to the fact 
that, in over-consolidated clay, a cavity of significant depth is present regardless of 
whether there is a lattice leg or not. For case 17, lattice leg with smaller opening ratio of 
0.25, the computed penetration resistance is smaller than the ones with big opening ratios 




of 0.5 and 0.75. This may be attributed to the leg force difference; more soil backflow 
occurs and interacts with the big opening lattice leg, leading to larger leg force (Figure 
5.40).  For cases 37 and 38, spudcans equipped with the small sleeve (e=0, Aa=0.6) and 
full sleeve (e=0, Aa=1), the computed penetration resistance is found to be smaller than 
the spudcan with the lattice leg, and quite close to that of the spudcan without the leg. This 
is partially due to no leg force being mobilized since the leg has no opening and no 
friction. Another reason is maybe because the same compression friction coefficient M-
value of 0.9 (corresponding to friction angle of 23º) is used, the soil element around 
spudcan footing is assumed to be fully compressed for all the cases. This is maybe 
realistic for case 37 and 38 (full sleeve), but not exactly for spudcan without leg and with 
small lattice leg based on the soil velocity vector field (Figure 5.22); soil element around 
spudcan edge also experiences shearing and extension, the smaller friction coefficient less 
than 0.9 is supposed to be more reasonable for these cases, hence will lead to lower 
penetration resistance than the full sleeve case.  Similar trends are also observed for the 
over-consolidated clay with uniform OCR 2 and 4 as shown in Figure 5.41 and Figure 
5.42.  
5.3.5 Bearing capacity factor 
In the subsequent analysis, the bearing capacity factors Nc are evaluated using the 
relations 
( ' ' ) /bc u a u if
V
N q dA S d H
A
                                    (5.6a)                             
( ' ' ) /c u if a u if
V
N q H A S d H
A
                                (5.6b)    





uq is the total bearing pressure on spudcan and lattice leg, bV  the volume of the 
embedded spudcan, V the volume of the spudcan footing and lattice leg, A the maximum 
cross sectional-area of spudcan footing, 
uS the undrained shear strength.  In this Equation, 
the soil back flow and the soil weight replaced by the spudcan footing and lattice leg is 
taken into account, thus is more superior to the Equation 4.2.  
Figure 5.43(a) to (e) and Figure 5.44(a) to (e) presents the computed and measured 
bearing capacity factor in normally consolidated and over-consolidated clay for spudcan 
with different leg arrangements. For normally consolidated clay, using the computed 
penetration resistance curve M=0.9 (Figure 5.34) and average measured strength profile 
gives a good match on the experimental bearing capacity factor. In over-consolidated clay, 
the bearing capacity factors using M-values of 0.718 and 0.9 generally bracket the 
measured values. For fully enclosed sleeve, that is e=0, M=0.9 gives a good match, Figure 
5.44 (d) and (e). On the other hand, for all other leg arrangements in over-consolidated 
clay, M=0.9 was found to over-estimate the bearing capacity factor, and an M-value of 
0.718 seems to give better agreement with the experimental results, Figure 5.44 (a) to (c). 
The difference in the best-fit M-value may be attributed to the fact that the modified Cam-
Clay model that is implemented has a circular generalization. This means that the M-value 
is the same for triaxial compression and extension. In reality, many soils have a constant 

















       for triaxial extension                                                 (5.7b) 




A constant angle of friction would imply that M is smaller for triaxial extension than for 
triaxial compression. Comparison of Figures 5.13-5.22 shows that, for spudcans in NC 
clay, the soil flow is limited to the immediate lateral vicinity of the spudcan and is 
dominated by a localized circulatory movement from the front of the spudcan to the rear. 
Much of this movement is in the vertical direction. On the other hand, for OC clay, there 
is larger lateral movement of the soil around the spudcan. This difference in mechanism 
might have allowed the different M-values (i.e. for compression and extension) to assume 
different degrees of importance. In the case of fully enclosed leg, the dominant soil 
movement is the vertical flow directly underneath the spudcan.  
The bearing capacity factors (M=0.9) from spudcan depth of 0.8D to 1.2D are summarized 
in Table 5.4. Compared with spudcan without leg (e=1), the lattice leg (e=0.75 and 0.25) 
is shown to confer a slightly higher bearing capacity factor. Given the spread of the values 
within each group, the difference does not appear to be significant. On the other hand, 
spudcans with full sleeves (e=0, Aa=0.6 and 1.0) generally give relatively smaller bearing 
capacity factor. This difference may be mainly due to the enlarged soil distortion area by 
the presence of lattice leg, which however is insignificant for spudcan with full sleeve. 
The increase in penetration resistance for spudcan with full sleeve is mainly from the 
deeper cavity.  
5.4 Concluding remarks 
Based on the undrained effective-stress finite element analysis of spudcan penetration, 
some concluding remarks could be obtained as follow: 




1. As observed from the instantaneous velocity vector field by spudcan 
penetration without lattice leg, the lateral and vertical extent of soil 
distortion regions agree well with Hossain et al.’s (2005) finding.  The 
extent of soil distortion around spudcan footing is found to be more 
significant in over-consolidated clay than that in normally consolidated clay. 
2. In general, effect of lattice leg shape on the soil flow behavior of spudcan 
foundation in insignificant. Enlarged soil distortion area is mobilized around 
spudcan footing by the presence of lattice leg and sleeve, especially for 
spudcan with full sleeve in OC clay. The soil element around spudcan 
footing is found to be predominately compressed, accompanied with shear 
and extension; this stress state varies from different state of soil 
consolidation and lattice legs.   
3. Based on the centrifuge model tests and finite element analysis, a relation 
between the cavity depth inside lattice leg and the soil strength, spudcan 
diameter, opening ratios and area ratios of the lattice leg is proposed.  
4. The numerical method is found to give a good prediction on the penetration 
resistance and bearing capacity factor of spudcan foundation, compared 
with centrifuge model test results. It is found that spudcan with lattice leg 
tends to bring higher penetration resistance and bearing capacity factor, 
compared with spudcan without leg.  
5. The good prediction of the centrifuge model test results validates the 
feasibility of the undrained effective-stress finite element analysis in 
predicting the continuous load-penetration response of spudcan foundation.  









Table 5.1 Properties of kaolin clay adopted in modified Cam-clay model (after Goh, 2003) 
Properties Values 
Internal friction angle at the critical state '   23
0
 
Slope of critical state line M   0.9 
Slope of isotropic normal compression line    0.244 
Slope of isotropic swelling and recompression line    0.0523 
Specific volume of soil ( ' 1p kPa  )    3.221 
Effective Poisson’s ratio '   0.33 
Effective unit weight 3'( / )kN m   6.0 

























1 NC 12 1 0.004 1.7(/)  
2 NC 12 0.75 0.6 3(2.4) 2.7(1.7) 
3 NC 12 0.5 0.6 3.4(2.3)  
4 NC 12 0.25 0.6 5.5(2.0) 3.2(1.7) 
5 NC 12 0.75 0.4 2.3(2.0)  
6 NC 12 0.5 0.4 3.3(2.3)  
7 NC 12 0.75 0.8 2.8(1.7)  
8 NC 12 0.5 0.8 3.1(1.7)  
9 NC 12 0.75 1.0 2.3(1.7)  
10 NC 12 0.5 1.0 4.8(1.7)  
11 NC 12 0.25 1.0 7.5(2.5)  
12 NC 6 1 0.004 1.0(/)  
13 NC 6 0.75 0.6 1.8(1.7)  




14 OC 12 1 0.004 4.6(/)  
15 OC 12 0.75 0.6 9.3(3.5) 5.2(1.2) 
16 OC 12 0.5 0.6 11.7(3.5)  
17 OC 12 0.25 0.6 13.3(3.5) 8.2(1.0) 
18 OC 12 0.75 0.4 8.4(3.7)  
19 OC 12 0.5 0.4 11.2(3.3)  
20 OC 12 0.75 0.8 8.0(4.0)  
21 OC 12 0.5 0.8 9.5(1.8)  
22 OC 12 0.75 1.0 7.5(4.5)  
23 OC 12 0.5 1.0 9.0(5.0)  
24 OC 12 0.25 1.0 11(1.5)  
25 OC 6 1 0.004 3.9(/)  
26 OC 6 0.75 0.6 5.8(1.0)  
27 OCR=2 12 1 0.004 2.5(/)  
28 OCR=2 12 0.75 0.6 4.2(2.9)  
29 OCR=2 12 0.5 0.6 5.1(2.9)  
30 OCR=2 12 0.25 0.6 7.6(2.4)  
31 OCR=4 12 1 0.004 3.3(/)  
32 OCR=4 12 0.75 0.6 5.7(3.9)  
33 OCR=4 12 0.5 0.6 8.5(2.9)  
34 OCR=4 12 0.25 0.6 11.3(2.3)  
35 NC 12 0 0.6 





36 NC 12 0 1.0  
37 OC 12 0 0.6  
38 OC 12 0 1.0  
39 OCR=2 12 0 0.6  
40 OCR=2 12 0 1.0  
41 OCR=4 12 0 0.6  






















Hi (m) by 
Hossain et al. 
(2006) method
 




12 1.7 2.8/0.6=4.6 Extend to final 
spudcan 
penetration depth 14 OC 12 4.6 6.1/0.6=10 
 
 
Table 5.4 Bearing capacity factor of spudcan foundation from 0.8D to 1.2D       
(Numerical analysis: M=0.9) 



































Note: ** are numerical results based on compression coefficient M=0.9 
          * the bracketed value is experimental results 
 





Figure 5.1 Typical finite element mesh 
 
 
(a) mesh 1 (26048 elements, fine element size: 0.8 0.8 0.8m m m   ) 
 
Fine mesh area 
1D 
1D 





(b) mesh 2 (53480 elements, fine element size: 0.6 0.6 0.6m m m  ) 
 
(c) mesh 3 (73392 elements, fine element size: 0.5 0.5 0.5m m m  ) 





(d) mesh 4 (106026 elements, fine element size: 0.4 0.4 0.4m m m  ) 
 
(e) mesh 5 (192304 elements, fine element size: 0.3 0.3 0.3m m m  ) 
Figure 5.2 Finite element mesh sizes 





Figure 5.3 Load-penetration curves for five different mesh densities 
 



































































Figure 5.5 Theoretical prediction of undrained shear strength for NC clay 
 





























































(a) Model T-bar used in Centrifuge          (b) One quarter T-bar modelled in FEM 
Figure 5.7 Model T-bar 
 
Figure 5.8  Typical finite element mesh by T-bar penetration 





Figure 5.9 Undrained shear strength of NC clay from finite element analysis  
 





























































  d/D=0.01           d/D=0.31            d/D=0.76             d/D=1.06          d/D=1.36 
Figure 5.11 Instantaneous velocity vector of spudcan penetration without leg in NC clay  
 
 
 d/D=0.01           d/D=0.31            d/D=0.76             d/D=1.06           d/D=1.36 
Figure 5.12 Instantaneous velocity vector of spudcan penetration without leg in OC clay 
(OCR-nonuniform) 





d/D=0.01           d/D=0.31            d/D=0.76             d/D=1.06           d/D=1.36 
Figure 5.13 Instantaneous velocity vector of spudcan penetration with circular lattice leg 
in NC clay (e=0.75, Aa=0.61) 
 
 
d/D=0.01           d/D=0.31            d/D=0.76             d/D=1.06           d/D=1.36 
Figure 5.14 Instantaneous velocity vector of spudcan penetration with square lattice leg in 
NC clay (e=0.75, Aa=0.61) 





d/D=0.01           d/D=0.31            d/D=0.76             d/D=1.06           d/D=1.36 
Figure 5.15 Instantaneous velocity vector of spudcan penetration with circular lattice leg 
in OC clay (OCR-nonuniform) (e=0.75, Aa=0.61) 
 
d/D=0.01           d/D=0.31            d/D=0.76             d/D=1.06           d/D=1.36 
Figure 5.16 Instantaneous velocity vector of spudcan penetration with square lattice leg in 
OC clay (OCR-nonuniform) (e=0.75, Aa=0.61) 





d/D=0.01           d/D=0.31            d/D=0.76             d/D=1.06           d/D=1.36 
Figure 5.17 Instantaneous velocity vector of spudcan penetration with small sleeve in NC 
clay (e=0, Aa=0.61) 
 
d/D=0.01           d/D=0.31            d/D=0.76             d/D=1.06           d/D=1.36 
Figure 5.18 Instantaneous velocity vector of spudcan penetration with full sleeve in NC 
clay (e=0, Aa=1) 





d/D=0.01           d/D=0.31            d/D=0.76             d/D=1.06           d/D=1.36 
Figure 5.19 Instantaneous velocity vector of spudcan penetration with small sleeve in OC 
clay (OCR-nonuniform) (e=0, Aa=0.61) 
 
 
d/D=0.01           d/D=0.31            d/D=0.76             d/D=1.06           d/D=1.36 
Figure 5.20 Instantaneous velocity vector of spudcan penetration with full sleeve in OC 
clay (OCR-nonuniform) (e=0, Aa=1) 





(a)                            (b)                            (c)                              (d) 
Figure 5.21 Velocity vector fields for spudcans with different lattice legs at penetration 
depth of 1.36D in NC clay. The opening ratios are (a) 1.0, (b) 0.75 (c) 0 (area ratio 0.61), 
(d) 0 (area ratio 1.0) 
 
(a)                         (b)                            (c)                               (d) 
Figure 5.22 Velocity vector fields for spudcans with different lattice legs at penetration 
depth of 1.36D in OC clay (OCR-nonuniform). The opening ratios are (a) 1.0, (b) 0.75 (c) 
0 (area ratio 0.61), (d) 0 (area ratio 1.0) 
 





(a) Side view 
 
(b) Front view 
No vectors in the cavity 





(c) Intermediate view  
Figure 5.23 Different perspective of instantaneous velocity vector by spudcan penetration 
with square lattice leg in NC clay (e=0.75, Aa=0.61) 





Figure 5.24 Soil surface heaved induced by spudcan penetration 
 
 





(a) Typical soil domain: 27m soil depth, 30m radius 
 
(b) Big soil domain: 60m soil depth, 30m radius 
Figure 5.25 Instantaneous velocity vectors in different soil domain by full sleeved spudcan 
in OC clay (d/D=1.36) 
 






































Penetration resistance (MN) 
Soil depth 27m, soil radius
30m
Soil depth 60m, soil radius
30m
Average resistance difference 
from d=7.3m~16.3m is 4.6% 





(a) Circular leg                                           (b) Square leg 
Figure 5.27 Effects of lattice shapes on cavity formation in OC clay (OCR-nonuniform) 
(d/D=1.36). Both lattices have opening and area ratios of 0.5 and 0.6, respectively.  
 
 
(a) e=0.75                            (b) e=0.5                              (c) e=0.25       
Figure 5.28 Effects of opening ratios (e) on cavity formation in OC clay (OCR-











(a)  D=6m                                          (b) D=12m 





 Hi   Hi 





(a) NC                                                    (b) OCR=2 
 
(c) OCR=4                                         (d) OCR-nonuniform 
Figure 5.30 Effects of soil strength profiles on cavity formation (d/D=1.36, e=0.5, Aa=0.6) 
 
 Hi  Hi 
 Hi  Hi 





(a) d/D=0.36                        (b) d/D=0.86                          (c) d/D=1.36 
 
(d) d/D=1.36                        (e) d/D=1.86                          (f) d/D=2.36 
Figure 5.31  Typical inner and outer cavity depth formations at five different penetrations 
in over-consolidated clay (OCR-nonuniform) (typical lattice leg e=0.75, Aa=0.6) 
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 Ho 





Figure 5.32 Prediction of the limiting cavity depth inside lattice leg 
 

























































































(a) Case 1: e=1, no leg 
 
































































(c) Case 4: e=0.25, Aa=0.6 
 
































































(e) Case 36: e=0, Aa=1.0 
Figure 5.34  Load-penetration responses in NC clay (Numerical vs Centrifuge) 
 


































































(b) Case 15: e=0.75, Aa=0.6 
 
































































(d) Case 37: e=0, Aa=0.6 
 
(e)  Case 38: e=0, Aa=1.0 

































































(a) 0K  
 
(b) 0 'P  






































Isotropic pre-consolidation pressure P0' (kPa) 
Constant Po'=150kPa
Changed Po'





(a) Case 14: no leg 
 
(b) Case 15: typical lattice leg, e=0.75, Aa=0.6 
Figure 5.37  Comparison of load-penetration responses based on constant and changed 


























Penetration resistance (MN) 
Numerical: changed  K₀ and P₀' 


























Penetration resistance (MN) 
Numerical: changed  K₀ and P₀' 
Numerical: constant K₀ and P₀' 





Figure 5.38 Effect of lattice leg on load-penetration response by spudcan penetration in 
NC clay (M=0.9) 
 
Figure 5.39 Effect of lattice leg on load-penetration response by spudcan penetration in 


























Penetration resistance (MN) 
Case 1: e=1, no leg
Case 2: e=0.75, Aa=0.6
Case 3: e=0.5, Aa=0.6
Case 4: e=0.25, Aa=0.6
Case 35: e=0, Aa=0.6


























Penetration resistance (MN) 
Case 14: e=1, no leg
Case 15: e=0.75, Aa=0.6
Case 16: e=0.5, Aa=0.6
Case 17: e=0.25, Aa=0.6
Case 37: e=0, Aa=0.6
Case 38: e=0, Aa=1





Figure 5.40 Effect of opening ratios on leg force in OC clay (M=0.9) 
 
Figure 5.41 Effect of lattice leg on load-penetration response by spudcan penetration in 



























Case 15: e=0.75, Aa=0.6
Case 16: e=0.5, Aa=0.6
Case 17: e=0.25, Aa=0.6


























Penetration resistance (MN) 
Case 27: e=1, no leg
Case 28: e=0.75, Aa=0.6
Case 29: e=0.5, Aa=0.6
Case 30: e=0.25, Aa=0.6
Case 39: e=0, Aa=0.6
Case 40: e=0, Aa=1





Figure 5.42 Effect of lattice leg on load-penetration response by spudcan penetration in 


























Penetration resistance (MN) 
Case 31: e=1, no leg
Case 32: e=0.75, Aa=0.6
Case 33: e=0.5, Aa=0.6
Case 34: e=0.25, Aa=0.6
Case 41: e=0, Aa=0.6
Case 42: e=0, Aa=1





(a) e=1, no leg 
 






























































Bearing capacity factor  Nc 
Experimental
Numerical





(c) e=0.25, Aa=0.6 
 






























































Bearing capacity factor  Nc 
Experimental
Numerical





(e) e=0, Aa=1.0 
Figure 5.43  Bearing capacity factor in NC clay, M=0.9 for all the numerical cases 
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(a) e=1, no leg 
 









































































(c) e=0.25, Aa=0.6 
 








































































(e) e=0, Aa=1.0 
Figure 5.44  Bearing capacity factor in OC clay, OCR-nonuniform 




































Chapter 6 Bearing capacity of spudcan foundation in 
long-term-Centrifuge model test results 
6.1 Introduction 
This chapter examines the long-term bearing capacity of spudcan foundation in normally 
consolidated clay using centrifuge model tests on spudcans without leg, with and without 
the lattice leg and with the full circular sleeve,  as shown in Figure 6.1.  Table 6.1 
summarizes the detailed parameters for the three centrifuge model tests.  
6.2 Soil strength profiles 
Figure 6.2 presents the measured in-situ soil strength profiles for the three centrifuge tests. 
The soil strengths are shown to increase almost linearly with depth and are quite 
consistent among different soil samples. The soil strength profiles can be fitted by using a 
ratio of 0.28 between the undrained shear strength and vertical effective stress. In general, 
experimental data indicates that the ratio of soil strength over effective vertical stress is 
about 0.2 to 0.25 for normally consolidated clay. In this study, a ratio of 0.28 for normally 
consolidated kaolin clay seems to be slightly higher; this may be attributed to the fact that 
the T-bar factor is slightly under-estimated as discussed in sub-section 3.2.6.3.  
 




6.3 Load-penetration response 
6.3.1 Procedure 
The procedure for the post-consolidation test is the same as that for short-term penetration 
resistance, except that a period of consolidation under a constant axial working load is 
interposed between initial penetration and subsequent re-penetration. Figure 6.3 illustrates 
the stages of spudcan preloading, unloading, consolidation and re-penetration. Take test 
L1 for example, the spudcan footing was first preloaded into the prescribed soil depth (A-
B). The load is then reduced to 75% of its full penetration resistance to simulate removal 
of preloading (B-C). The remaining working load is maintained for about 1.5 hours 
(model time) to allow about fully dissipation of excess pore pressure, this being equivalent 
to approximately 620 days in prototype terms. During consolidation (C-D), the soil 
surface was used as the only drainage boundary. Although the clay bed was underlain by a 
layer of sand, this is not open to the exterior and therefore cannot permit drainage. After 
approximately 620 days consolidation, the spudcan footing was further penetrated into the 
soil to examine the long-term bearing capacity of spudcan foundation (Figure 6.3, D-E). 
6.3.2 Pore pressure changes during consolidation 
The pore pressure response was monitored by five PPTs installed in the soil sample as 
shown in Figure 6.4. The generation and dissipation of the excess pore pressure is shown 
from Figure 6.5 to 6.7 for the three tests. The excess pore pressure in the vicinity of the 
container wall, i.e. PPT1, PPT2 and PPT3, is fully dissipated within the consolidation 
period of 1.5 hours model time. At the bottom of the clay bed approximately 90% of the 
excess pore pressure at the bottom of the soil sample ((PPT4 and PPT5 at about 1D 




beneath final spudcan penetration) is dissipated. This is likely to require the longest 
consolidation time since the drainage path to the soil surface is the longest at the bottom of 
the clay bed. Hence, excess pore pressure generated by spudcan installation is likely to be 
almost fully dissipated. As shown in Figure 6.8, during consolidation (stage C-D), 
settlement of approximately 0.3m to 0.5m was measured. 
6.3.3 Increase of post-consolidation penetration resistance  
As Figure 6.3 shows, significant bearing capacity increases during consolidation. Yi et al. 
(2013) showed that this is due to the increase in strength of the soil plug beneath the 
spudcan as excess pore pressure dissipates. Moreover, the long-term bearing capacity is 
also influenced by the presence and type of leg. The spudcan with lattice leg (L2) is shown 
to confer a larger bearing capacity in both short-term and long-term than that without leg 
(L1). Maximum bearing capacity is observed for spudcan footing with a full circular 
sleeve (L3). However, comparison with the short-term beraing capacity indicates that the 
leg influence on the long-term bearing capacity is less significant.  
Figure 6.9 presents the post-consolidation resistance increases of the spudcan footings 
with and without the legs, with respect to their short-term penetration resistance. The 
resistance increments for the three tests at some typical re-penetration depths 0.025D, 
0.05D, 0.1D and 0.2D are summarized in Table 6.2.  
From Table 6.2 and Figure 6.9, significant resistance increases could be observed at the 
first 0.05D re-penetration, stage D-M in Figure 6.9. In the second 0.05D re-penetration, 
that is stage M-N in Figure 6.9, the quantum of increase in penetration resistance 
increment is much smaller. After 0.1D re-penetration depth, settlement increases rapidly 




with loading. In view of this, the long-term bearing capacity is taken to be reached when a 
settlement of 0.1D is reached upon re-penetration. This criterion is similar to those 
commonly used for pile testing. With this criterion, the post-consolidation increases in 
penetration resistance are about 83%, 75% and 60% for the spudcans without leg (L1), 
with typical lattice leg (L2) and with full circular sleeve (L3) at the depth of 0.1D re-
penetration (Table 6.2). The spudcans with the lattice leg and full sleeve tends to yield 
smaller bearing capacity increase. This is due to the higher initial penetration resistance 
which occurs; because a significant proportion is derived from partial or complete absence 
of soil behind the spudcan, and this does not change during consolidation. Hence, in such 
a situation, consolidation may not give the same quantum of bearing capacity 
improvement. 
6.4 Bearing capacity factors 
The bearing capacity factors of spudcan foundations in the short-term have been discussed 
in detail in Chapter 5. However, up to now, little was known about the long-term bearing 
capacity factors of spudcan foundations. The post-consolidation soil strength here is 
roughly estimated based on the numerical finding by Yi et al. (2014). In principle, the 
bearing capacity factor may be deduced from the bearing capacity and soil strength. Yi et 
al. (2014) suggested that a conservative estimate of the post-consolidation bearing 
capacity of the spudcan foundation may be obtained by using the bearing capacity factor 
at initial penetration with the post-consolidation soil strength at the depth of 0.5D beneath 
spudcan tip. It is difficult to measure the post-consolidation soil strength beneath the 
spudcan footing in centrifuge model tests. However, Yi et al.’s (2014) finite element 
analysis indicated that the increase in strength at one radius beneath the spudcan tip post-




consolidation is about 50%. Yi et al.’s results imply that the bearing capacity should 
increase by about 50% at 0.1D re-penetration. It should be noted that Yi et al.’s (2014) 
analysis was only for spudcans without legs. Furthermore, Yi et al.’s (2014) study was 
limited to only one depth of penetration, that is 1.375D. In the current centrifuge model 
tests, the final preloading depths are 1.30D, 1.16D and 1.13D for test L1, L2 and L3, all of 
which are quite close to that, but not equal to Yi et al.’s (2014) studied depth of 
penetration. Notwithstanding this, as shown in Figure 6.3, the 50% estimated increase is 
conservative for spudcan without lattice and with lattice leg. This would suggest that Yi et 
al.’s estimated strength improvement during consolidation of about 50% is also likely to 
be quite realistic.  
One way to define the long-term bearing capacity factor is by normalizing the long-term 
bearing pressure qu by the pre-installation soil strength (using Euqation 4.2, the soil back 
flow and soil weight replaced by the spudcan and lattice leg is not taken into account); this 
obviates the problem of measuring the long-term soil strength. Figure 6.10 presents the 
bearing capacity factor of spudcan foundation during spudcan preloading, unloading, 
consolidation and re-penetration, based on the pre-installation soil strength. Take test L1 
for example, during the preloading stage (A-B), the steady state bearing capacity factor is 
reached after 0.6D penetration, a value of 8.93 achieved at final preloading stage point B. 
For the unloading (B-C) and consolidation stage (C-D), the bearing capacity factor is 
approximately 25% reduced in consistent with the 25% unloading. When it comes to re-
penetration stage (D-E), the bearing capacity factor shows a rapid increase to a maximum 
value of 13.97, which is followed by bearing capacity factor reduction with continuous 
spudcan penetration. Similar bearing capacity factor response could be observed for 




spudcan enclosed with leg. Spudcan with full circular sleeve (L3) is shown to yield a 
maximum long-term bearing capacity factor of 17.5. 
Figure 6.11 presents the increase of bearing capacity factor during the final re-penetration 
stage (D-E), as compared with its value at final preloading stage point B (Figure 6.10). 
Some typical re-penetration depth at 0.025D, 0.05D, 0.1D and 0.2D are summarized in 
Table 6.3. A rapid increase of the bearing capacity factor is observed at first 0.05D re-
penetration (stage D-M in Figure 6.10). However, the second 0.05D re-penetration (M-N) 
lead to much smaller increases in bearing capacity factor. After approximately 0.1D re-
penetration, the long-term bearing capacity factors decrease with further re-penetration. 
Hence, the maximum long-term bearing capacity factor is developed at approximately 
0.1D re-penetration depth. 
The bearing capacity factor discussed above is just based on the simplified Equation 4.2, 
in which the soil back flow and soil weight replaced by the spudcan and lattice leg are not 
taken into account. To give accurate bearing capacity factors, Table 6.4 summarize the 
bearing capacity factor based on Equation 5.6. Comparison results of Table 6.4 and Table 
6.3 show that smaller bearing capacity factor and larger bearing capacity factor 
improvement are deduced by Equation 5.6, however, these differences are marginal. This 
is mainly attributed to the factor that the bearing capacity factor is less influenced by the 
top cavity and soil weight replaced in deep penetration. When the spudcan attained the 
prescribed depth B, stable cavity depth has been achieved and the soil weight replaced by 
the spudcan and lattice leg remains almost unchanged (except for test L3, spudcan with 
full sleeve, and the cavity depth increase with penetration).  




This finding suggests that it is maybe able to estimate the post-consolidation bearing 
capacity of spudcan foundation by using the long-term bearing capacity factor at 0.1D re-
penetration depth. For the spudcan with lattice leg, i.e. L2, the maximum long-term 
bearing capacity factor is approximately 1.5 times of short-term bearing capacity factor.  
6.5 Concluding remarks 
f) As found from the load-penetration response of spudcan foundation including 
preloading, unloading, and consolidation and re-loading, the long-term 
penetration resistance is shown to increase rapidly with re-penetration, much 
larger than that in short-term. The penetration resistance of spudcan 
foundations is shown to be influenced by the presence of leg; spudcans with 
lattice legs are shown to bring a higher penetration resistance in both short-
term and long-term.  
g) Compared with penetration resistance in short-term, more than 50% 
penetration resistance increase is observed at the first 0.05D re-penetration, this 
is followed by small resistance increase (approximately 10%) for the second 
0.05D re-penetration. After 0.1D re-penetration, the resistance increase 
becomes very small at the cost of rapid spudcan penetration. Hence, for a 
conservative and safe design, 0.1D re-penetration is supposed to be a 
reasonable limit to mobilize the maximum long-term bearing capacity of 
spudcan foundation. 
h) By using the in-situ soil strength, the deduced long-term bearing capacity 
factor is shown to increase significantly (35%-50%) at the first 0.05D re-
penetration and very small increase (2%-6%) at the second 0.05D re-




penetration. After approximately 0.1D re-penetration depth, the long-term 
bearing capacity factor is shown to decrease with continuous spudcan 
penetration for all the three centrifuge model tests. It implies that the maximum 
long-term bearing capacity factor is developed at approximately 0.1D re-
penetration. 
i) It is suggested that it is possible to estimate the maximum post-consolidation 
bearing capacity of spudcan foundation by using a long-term bearing capacity 
factor, which is found to be approximately 1.5 times of the short-term bearing 
capacity, based on the current centrifuge model test results.  
 


















L1 20 No leg 1 0 NC 
L2 20 Square  0.75 61 NC 
L3 20 Circular 0 100 NC 
 


















depth at point B 
32.17 0 35.39 0 41.43 0 
0.025D 49.94 55 52.9 49 58.29 41 
0.05D  54.74 70 58.11 64 61.89 49 
0.1D 58.97 83 62.06 75 66.36 60 
0.2D 63.33 97 66.62 88 / / 
 
 
Table 6.3 Summary of bearing capacity factors Nc and factor increment at varied re-
penetration depths by using pre-installation soil strength ( /c u uN q S ) 
Re-penetration 
depth 











depth at point B 
8.93 0 9.78 0 12.81 0 
0.025D 12.74 43 13.49 38 16.64 30 
0.05D  13.39 50 14.29 46 17.29 35 
0.1D   13.94 56 14.57 49 17.58 37 
0.2D 13.56 52 13.96 43 / / 
 





Table 6.4 Summary of bearing capacity factors Nc and factor increment at varied re-
penetration depths by using pre-installation soil strength ( ' ' ) /c u if a u
V
N q H A S
A
     
Re-penetration 
depth 











depth at point B 
8.58 0 9.13 0 11.00 0 
0.025D 12.42 45 12.9 41 14.87 35 
0.05D  13.08 52 13.71 50 15.53 41 
0.1D   13.65 59 14.02 54 15.84 44 
0.2D 13.29 55 13.45 47 / / 
 





(a) L1, no leg                   (b) L2, typical lattice leg     (c) L3, full circular sleeve         
Figure 6.1 Model legs used in the long-term centrifuge model tests 
 
  

































Figure 6.3 Load-penetration responses of spudcan foundations in short term and long-term  
 
Figure 6.4 PPT positions in soil model (units: mm) 





(a) Generation                                          (b) Dissipation  
Figure 6.5 Excess pore pressure generation and dissipation for test L1 
 
(a) Generation                                          (b) Dissipation   






















































































(a) Generation                                          (b) Dissipation  
Figure 6.7 Excess pore pressure generation and dissipation for test L3 
 











































































Figure 6.9 Penetration resistance increment of spudcan foundation in long-term 
 


















































































Figure 6.11 Bearing capacity factor increment of spudcan foundation in long-term using 







































Chapter 7 Effect of top-mounted and downward 
skirts on punch-through behaviour 
7.1 Introduction 
As discussed in Chapter 2, current methods for mitigating punch-through failure of 
spudcan foundation are not completely effective and practical. In this chapter, the 
possibility of using a top-mounted sleeve instead of a downward skirt for mitigating 
punch-through will be investigated using centrifuge model tests. The soil profiles in these 
tests consist of a layer of soft clay overlain by a sand layer. The leg designs studied are as 
follow: 
a) Top-mounted skirt with different lengths, area ratios and shapes. 
b) Downward skirt around the spudcan circumference and extending to the depth of 
spudcan tip. Longer downward skirts were not studied as they compromise 
mobility and hydrodynamic stability during movement to site and are therefore 
often considered to be impractical. 
c) Combination of top-mounted and downward skirts. 




7.2 Soil strength profiles 
As shown in Figure 7.1, the soil sample consists of 8m of loose sand that overlies 
approximately 20m of normally consolidated clay. Figure 7.1 shows the soil strengths 
increase almost linearly with depth and are reasonably consistent amongst the different 
soil samples. 
7.3 Load-penetration curves 
7.3.1 Overview 
Since the spudcan has a prototype diameter of 12m, the ratio of the sand thickness over 
maximum spudcan diameter is 0.67, which is in the range of the practical interest of jack-
up spudcan industry (Lee et al., 2009). Figure 7.2 shows the different skirts and skirt 
combinations which were tested with the spudcan. In Figure 7.3, L1 and L2 are downward 
and top-mounted skirt lengths, respectively; h is the height of the spudcan and skirt, 
measured from the lowest point of the maximum spudcan cross section. The penetration 
depth (d) is measured from the soil surface to the lowest point of the maximum cross 
section area of spudcan. A negative penetration depth implies that the lowest point of the 
largest spudcan cross-section is still above the ground surface. More details regarding skirt 
length, skirt shapes and skirt area ratios have been summarized in Table 7.1. 
.Figure 7.4 illustrates a typical punch-through load-penetration curve. In the subsequent 
discussion, the depth at which the penetration resistance reaches a maximum just prior to 
punch-through (dpeak) is termed the “critical depth”. The depth at which the spudcan 
penetration resistance recovers back to its pre-punch-through maximum is termed as the 




recovered depth (drec). The difference between the recovery depth and critical depth is the 
incremental penetration incurred by the spudcan during punch-through and is known as 
the “punch-through” depth (Hp). 
7.3.2 Single spudcan penetration 
Figure 7.5 presents the load-penetration response of the spudcan without skirt in sand 
overlying clay. As can be seen, the penetration resistance increases rapidly in the sand 
layer followed by an abrupt loss of resistance at very shallow penetration. This is similar 
to the findings by Teh et al. (2008) and Lee et al. (2009). It is then followed by a loss of 
penetration resistance over the “punch-through depth”, before penetration resistance 
recovers.  
Figure 7.6 shows the cavity created by the spudcan footing at the final depth of 11.89m 
(prototype). The cavity is roughly cylindrical in shape, with almost the same diameter as 
the spudcan, and a depth of between 11.3 and 11.8m. The similarity between the 
dimensions of the cavity and the diameter and depth of penetration suggests that a 
significant amount of sand has been brought down by the penetrating spudcan into the 
clay layer. This is similar to the observation of Teh et al. (2008).  
7.3.3 Effect of top-mounted skirt 
Figure 7.7 shows the load-penetration response of spudcans with different top-mounted 
skirts while Table 7.1 summarizes the peak penetration resistance, critical depth, punch-
through depth and recovered depths. While the trend of the load-penetration curves are 
similar to that of the bare spudcan, all of the skirted spudcans (P2 to P4) shows much 




smaller punch-through depth than the unskirted spudcan. This suggests that top-mounted 
skirt is useful in mitigating punch-through failure in a manner similar to the downward 
skirt. Between P2 and P3, the former seems to confer a slightly smaller punch-through 
depth than the latter. However, the difference is marginal and the tops of both skirts were 
still above the sand surface at their respective recovered depths. It seems reasonable to 
surmise that, as long as the skirt height is larger than the recovered depth, increasing the 
length of the skirt should not have any effect on the punch-through depth, even though the 
penetration resistance profile at larger depths may be affected. Using a square skirt with an 
area ratio equal to that of typical lattice leg appears to reduce the punch-through depth 
even further, although this is achieved at the expense of the peak bearing resistance. 
However, compared with spudcan footing without leg (P1), the loss of peak penetration 
resistance is insignificant and increased vertical penetration resistance is developed at 
larger soil depth. In other words, the severity of punch-through can also be mitigated by 
decreasing the peak penetration resistance so that the subsequent drop in penetration 
resistance is less severe and occurs over a shorter distance. It may be noted though, that 
the penetration curve of P4 shows a segment between 4m and 6m depth where the 
penetration resistance appears to stagnate. This stagnation segment is not present in the 
circular sleeve and may be attributed to the reduced area ratio of P4. On the other hand, P4 
may be more practical option as the cross-section of the sleeve is no larger than that of the 
typical lattice leg and the sleeve can presumably be designed as a fully enclosed lowest 
portion of the lattice leg.  
A common feature in the penetration resistance curves of P2 to P4 is decrease in post-peak 
drop in penetration resistance. For the bare spudcan, the maximum post-peak drop in 




penetration resistance is about 8MN. For all the three spudcans with top-mounted skirts, 
the post-peak drop in penetration resistance is about 5MN. Hence, a common feature of 
the effect of top-mounted skirt is to limit the post-peak drop in penetration resistance. 
7.3.4 Effect of downward skirt 
As Table 7.1 shows, models P5 to P7 have downward skirts incorporated. In all three 
models, the length of the downward skirt was limited to 1.7m to ensure that it does not 
protrude beyond the tip of the spudcan. As Figure 7.8 shows, model P5, which 
incorporates a downward skirt, also returns a smaller punch-through depth than the bare 
spudcan. As in the case of model P4 (square top-mounted skirt), the peak penetration 
resistance is also lower than that of the bare spudcan. However, the downward skirt (P5) 
appears to have little effect on the post-peak drop in penetration resistance. One possible 
reason for this is the relatively short length of the downward skirt. Instead, the decrease in 
punch-through depth is achieved through a higher rate of post-trough recovery in 
penetration resistance. This is attributable to the downward skirt, which probably allows 
the spudcan to mobilize the strength of the deeper soil ahead of the spudcan. By the same 
token, the critical depth is also smaller, as the strength of the soft underlying clay was also 
mobilized earlier. 
7.3.5 Effect of combined top-mounted skirt and downward skirt 
Models P6 and P7 examines the effects of top-mounted and downward skirts, when they 
are used together. As Figure 7.9 shows, the combination of top-mounted square skirt and 
downward circular skirt (P6) reduces the punch-through depth further, at the expense of a 
further decrease in peak penetration resistance prior to punch-through. The decrease in 




punch-through depth is achieved through a decrease in post-peak drop in penetration 
resistance and a faster post-trough recovery in penetration resistance. Compared to P4, 
which features only a top-mounted square skirt, P6 shows no penetration resistance 
stagnation; this can be attributed to the downward skirt which compensates for the 
stagnation by a faster recovery. Compared to P5, which features only a downward skirt, 
P6 shows a significantly smaller post-peak drop. While the peak penetration resistance of 
P6 is the lowest of all three, it is proposed that peak penetration resistance is not an 
important parameter in mitigating punch-through, since the peak resistance is only a 
transient resistance and therefore cannot be relied upon. The punch-through distance is 
likely to be a much more relevant parameter. In this respect, the combination of top-
mounted square skirt and downward skirt is evidently superior to either of them separately. 
On the other hand, as shown in Figure 7.10, model P7 which has a circular sleeve with 
area ratio of 1.0 and downward skirt gave a much larger punch-through distance and has a 
load-penetration response quite similar to that with a downward skirt (i.e. P5).  Here in 
fact, its punch-through depth is even larger than that for a full circular top-mounted skirt 
alone (i.e. P3). This may be attributed to the fact that the foundation failure mechanism 
has changed. By this leg combination, more underlying clay may be earlier mobilized at 
shallower depth than the one with top-mounted skirt, and the contribution of the top sand 
resistance on the top-mounted skirt is less developed, as a result, the foundation bearing 
capacity is more dependent on the end bearing of the underlying clay,  




7.4 Concluding remarks 
The foregoing discussion shows that although top-mounted and downward skirts are both 
useful separately for reducing punch-through depth, they appears to work via different 
mechanisms. The main effect of a top-mounted skirt is to reduce the magnitude of the 
post-peak drop in penetration resistance. In addition, a decrease in the area ratio may also 
help to reduce the peak penetration drop and thereby mitigate the “bumpiness” in the load-
penetration curve. On the other hand, the main effect of the downward skirt appears to be 
one of increasing the rate of post-trough recovery in penetration resistance. These two 
add-on fixtures must be used with care if they are to be combined together. However, 
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Hp (m) 
















1.7 0 0 1 61.75 545.98 1.12 0.094 5.62 4.5 
P6 
Top-mounted 
square skirt + 
Downward 
skirt  
1.7 4.3 5.7 0.6+1 55.88 494.06 1.11 0.093 3.51 2.4 
P7 
Top-mounted 
circular skirt + 
Downward 
skirt  
1.7 4.9 5.4 1+1 59.73 528.10 0.87 0.073 5.27 4.4 









































20m NC clay 





P1                             P2                               P3                              P4 
(a) Bare spudcan (P1) and spudcans with top-mounted skirt (P2 – P4) 
 
    P5                                     P6                                       P7 
(b) Downward skirted-spudcan (P5) and spudcans with top-mounted and downward 
skirts (P6 and P7) 
Figure 7.2 Photos of different leg designs 






Leg combination 1 (P6)                           (b) Leg combination 2 (P7)          
Figure 7.3 Schematic of leg combinations with defined leg length (prototype units: m) 
 
 
Figure 7.4 Schematic of spudcan punch-through profiles with depth definitions  
 


















































                                (b)                                                                     (c) 









Figure 7.7 Effect of single top-mounted skirts on mitigating punch-through failure  
 






























Penetration resistance (MN) 
P1 No skirt, Hp=6.5m 
P2 Top-mounted circular skirt, 
L2=19.3m, Hp=3m 
P3 Top-mounted circular skirt, 
L2=7.8m, Hp=3.5m 

































Penetration resistance (MN) 










Figure 7.9 Mitigating effect of leg combination 1: top-mounted short square skirt plus 
downward skirt 
 































Penetration resistance (MN) 
P1 No skirt, Hp=6.5m





































Penetration resistance (MN) 
P1 No skirt, Hp=6.5m








Chapter 8 Conclusions  
8.1 Summary of findings 
Based on the extensive literature review in Chapter 2, it was found that the possible effects 
of lattice legs on the penetration and bearing behavior of jack-up rigs has not been 
considered in current research and design guidelines. 
This research was carried out to identify the effects of lattice legs on the penetration and 
bearing behavior of spudcan foundations, installed in both single soil layers (Chapter 4 to 
Chapter 6) and dual soil layers (Chapter 7). In this study, the lattice leg was fabricated 
with different opening ratios, area ratios and shapes. The detailed centrifuge model setup 
and testing procedures are presented and discussed in Chapter 3. The influence of lattice 
legs on cavity formation and the transient vertical bearing capacity of spudcan foundation 
was investigated, using both centrifuge model tests and finite element analysis (Chapter 4 
and Chapter 5). In Chapter 4, centrifuge model tests were conducted to model spudcan 
penetration with different lattice legs attached, in both normally consolidated clay and 
over-consolidated clay. In Chapter 5, effective-stress finite element analyses were 
performed to verify and extend the parametric range beyond that of the centrifuge model 
tests.  In Chapter 6, centrifuge model tests were conducted to examine the long-term 
vertical bearing capacity of spudcan foundation in normally consolidated clay. Arising out 




of the study on lattice legs, the possibility of using a top-mounted skirt on the spudcan to 
mitigate or eliminate punch-through failure of spudcan foundation in loose sand overlying 
normally consolidated clay was examined using centrifuge model tests in Chapter 7. The 
top-mounted skirt was designed and fabricated with different lengths, area ratios and 
shapes to study the punch-through mitigating effect for comparison with conventional 
downward skirt and combined leg designs (top-mounted skirt combined with downward 
skirt).  Based on the studies outlined above, some findings can be drawn and summarized 
as follows. 
8.1.1 Effect of lattice leg on short-term spudcan penetration and bearing 
behavior-Centrifuge model test results 
It is found that the lattice leg has the effect of restricting the soil backflow on top of the 
spudcan, and that lattice legs with smaller opening ratio tend to induce deeper cavity 
formation. The cavity created by spudcan penetration is more likely to develop in stiff clay 
than soft clay. In addition, Hossain et al.’s (2005, 2006) and SNAME’s (2008) methods 
are shown to overestimate the cavity depth, as compared with the measured cavity depths 
in the current centrifuge model tests.   
The effect of lattice legs on the vertical bearing behavior of spudcan foundation was also 
investigated. The shape of the lattice legs (e.g. square vs circular) does not appear to have 
any significant influence on the vertical bearing capacity of spudcan foundation. The 
square leg is hence utilized in this study to investigate the performance of spudcan 
foundations with lattice legs.  The experimental results show that the use of lattice legs 
leads to increased vertical penetration resistance and enhanced bearing capacity of the 
spudcan foundation, compared to those without lattice legs, in both normally consolidated 




and over-consolidated clay deposits.   The effect appears to vary with the opening ratios of 
the lattice leg, in which the smaller opening ratio tends to yield larger short-term vertical 
bearing capacity. The size of the lattice leg (in plan) also has an effect on the bearing 
capacity.  A lattice leg which has the same radius as the spudcan footing is shown to yield 
a larger vertical bearing capacity than one with a smaller leg radius.  
8.1.2 Finite element analysis of spudcan installation 
As observed from the computed instantaneous velocity field arising from spudcan 
penetration in clay without a lattice leg, the lateral and vertical extent of the soil distortion 
regions agree well with Hossain et al.’s (2005) finding.  The effect of lattice leg shape on 
the soil flow behavior of the spudcan foundation is found to be insignificant. An enlarged 
soil distortion area is mobilized around the spudcan footing in the presence of the lattice 
leg and sleeve, especially for spudcans with full sleeves in OC clay. The soil flow 
mechanism around the spudcan footing is found to vary slightly depending on the 
consolidation state of the soil and lattice legs.  The different mechanisms correspond to 
different modes of soil deformation, which suggests that different values of the friction 
coefficient M (i.e. for compression and extension) may assume different degrees of 
importance. In the case of the spudcan with a fully enclosed leg in overconsolidated clay, 
the dominant soil movement is the vertical flow directly underneath the spudcan. 
Based on the finite element analysis and centrifuge model test results, a relation between 
the inner cavity depth and soil strength profile, spudcan diameter, opening ratio and area 
ratio of the lattice leg is proposed.  




The calculated load-penetration response is more sensitive to the coefficient of friction M 
in over-consolidated clay than that in normally consolidated clay. This could be due to the 
difference in soil flow mechanism and a larger influence zone both vertically and laterally 
being mobilized in over-consolidated clay, leading to more dependence on soil strength. 
Hence, the difference arising from the friction coefficient is also correspondingly larger. 
Notwithstanding this, the results indicate that the range of friction coefficient from 0.691 
to 0.9 generally bracket the centrifuge model values. 
For the bearing capacity factor of spudcan foundation, the effects of soil back-flow and 
soil weight replaced by the spudcan and lattice leg are taken into account. For normally 
consolidated clay, the calculations using the computed penetration resistance with a 
friction coefficient M of 0.9 and average measured strength profile yields good agreement 
with the experimental bearing capacity factor. In over-consolidated clay, the bearing 
capacity factors using M-values of 0.718 and 0.9 generally bracket the measured values. 
The good prediction of the centrifuge model test results validates the feasibility of the 
undrained effective-stress finite element analysis in modelling the vertical performance of 
spudcan foundation.  
8.1.3 Long-term bearing capacity of spudcan foundation- Centrifuge 
model test results 
The load-penetration response of spudcan foundation involving preloading, unloading, 
consolidation and re-penetration was studied.  It was found that the long-term penetration 
resistance increases rapidly during re-penetration, much larger than that in short-term. The 
long-term bearing capacity is also influenced by the presence and the type of lattice leg.  A 




spudcan with lattice leg is shown to develop a larger bearing capacity in both the short-
term and long-term than one without leg.  A larger bearing capacity is observed for the 
spudcan footing with the full circular sleeve mounted. However, the long-term bearing 
capacity appears to be less influenced by the type of lattice leg than the short-term 
penetration resistance.  
For both spudcans with and without lattice legs, a significant penetration resistance 
increase of more than 50% could be observed within the first 0.05D (where D is the 
maximum spudcan diameter) re-penetration and a smaller increase (approximately only 
10%) for the second 0.05D re-penetration. After the 0.1D re-penetration depth, the 
settlement increases rapidly with loading. Hence, the long-term bearing capacity is taken 
to be reached after a settlement of 0.1D upon re-penetration. This criterion is similar to 
those commonly used for pile testing. With this criterion, the post-consolidation increase 
in penetration resistance is about 83%, 75% and 60% respectively for the spudcan without 
leg, with typical lattice leg and with full circular sleeve at the depth of 0.1D re-penetration.  
A rapid increase of the bearing capacity factor is also observed during the first 0.05D re-
penetration. However, the second 0.05D re-penetration leads to a much smaller increase in 
the bearing capacity factor. After approximately 0.1D re-penetration, the long-term 
bearing capacity factors decrease with further re-penetration. Hence, the maximum long-
term bearing capacity factor is developed at approximately 0.1D re-penetration depth. This 
finding suggests that it may be possible to estimate the post-consolidation bearing capacity 
of spudcan foundation by using the long-term bearing capacity factor at 0.1D re-
penetration depth. For the spudcan with typical lattice leg, the maximum long-term 




bearing capacity factor is approximately 1.5 times that of the short-term bearing capacity 
factor.  
8.1.4 Effect of top-mounted and downward skirts on punch-through 
behaviour-Centrifuge model test results 
As observed in the centrifuge model test, severe punch-through occurs by spare spudcan 
penetration in loose sand overlying normally consolidated clay, with a sudden penetration 
of 6.5m induced. Top-mounted and downward skirts are both useful separately for 
reducing punch-through depth, and they work via different mechanisms. The main effect 
of a top-mounted skirt is to reduce the magnitude of the post-peak drop in penetration 
resistance. In addition, a decrease in the area ratio from 1 to 0.6 may also help to reduce 
the peak penetration drop and thereby mitigate the “bumpiness” in the load-penetration 
curve. On the other hand, the main effect of the downward skirt appears to be one of 
increasing the rate of post-trough recovery in penetration resistance. These two add-on 
fixtures must be used with care if they are to be combined together. However, when 
combined in the right way, they can confer very significant reduction in punch-through 
distance. 
8.2 Recommendations for future research 
1. The ratio of post-consolidation soil strength over in-situ soil strength may vary at 
different spudcan penetration depth.  Further study is necessary to verify this at 
different depths, especially at deep spudcan penetration since the spudcan footing 
is usually preloaded to 2D-3D depth in soft clay deposits. Deep penetrated spudcan 




foundations in centrifuge model tests are needed to further identify the long-term 
bearing capacity. 
2. The long-term bearing capacity of spudcan foundations in over-consolidated clay 
has not been examined, and could be further investigated. 
3. This being a preliminary study of the effects of top-mounted skirt on mitigating 
punch-through failure of spudcan foundation in sand overlying clay, further 
research could be proposed as follows: 
a) Only limited leg designs were considered in this study.  For future work, the 
performance of different leg designs can be studied. For example, a shorter top-
mounted square skirt could be tested to achieve a better balance between 
mitigating effect on punch-through failure and feasibility of practical operation.  
b) The ratio of sand thickness over maximum spudcan diameter in this study is a 
constant at 0.67.  For future studies, the thickness of the sand layer could be 
varied. 
c) In this study, the dual soil layer is composed of loose sand overlying normally 
consolidated clay, with a fixed strength ratio associated with the upper sand and 
underlying clay. In future studies, ground conditions with different soil strength 
ratios could be prepared and tested. 
4. The effect of top-mounted skirt on mitigating punch-through failure in stiff clay 
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(1) Calculation of constant 
0K  and 0 'p  for over-consolidated clay 
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Hence, the constant values of 0K and 0 'p are 0.61 and 150kPa, respectively 
(2) Calculation of changed 0K  and 0 'p  for over-consolidated clay 
During 1g consolidation:  
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During high g consolidation:  
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